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ABSTRACT 
 
In this research project, the morphogenesis and polymorphism of calcium carbonate (CaCO3) 
and its subsequent use as a template in the fabrication of hollow carbon spheres (HCS) is 
reported. A series of ratios (i.e. 5:0, 5:1, 5:2, 5:3, 5:4, 5:5, and 0:5) of binary solvent mixtures 
consisting of polar aprotic (dimethylformamide and dimethyl sulfoxide) and polar protic 
(methanol, ethanol, isopropanol, and 2-butanol) solvents, with 10% PEG200 as a crystal 
modifier, were used to influence the morphogenesis and polymorphism of precipitated CaCO3 
(PCC). The PCC products were characterised using scanning electron microscopy (SEM), 
powder X-ray diffraction (PXRD), and laser Raman spectroscopy.  An increase in the ratio of 
the polar protic solvent (methanol, ethanol, isopropanol, and 2-butanol) relative to the polar 
aprotic solvent (DMF & DMSO) within the binary solvent mixture favored the formation of 
vaterite particles of different morphologies, while an increase in the ratio of polar aprotic 
solvent (DMF & DMSO) within the binary solvent mixture favored the precipitation of 
rhombohedral calcite crystals. Time-resolved ex situ PXRD and SEM measurements revealed 
that the nucleation and phase transformation of the CaCO3 under polar protic and aprotic 
solvents followed the dissolution-reprecipitation mechanism. The major phase transformation 
occurred within 3 hours after mixing the precursor solutions.  
The effect of poly (4-styrenesulfonic acid) (PSSA) as an additive in the crystallisation of 
CaCO3 at different temperatures (i.e. 30, 40, 75, and 100 °C) and different crystallisation times 
(3, 6, 12, and 24 hrs) was investigated. The as-synthesised CaCO3 products were subjected to: 
SEM, laser Raman spectroscopy, PXRD, thermogravimetric analysis (TGA), and transmission 
electron microscopy (TEM). The crystallisation of CaCO3 in the presence of PSSA resulted in 
the self-assembly of vaterite particles into spherical bulk crystals. Varying the crystallisation 
temperature led to different particle attachment (CPA) pathways, which in turn resulted in bulk 
crystal morphologies that varied. Changes in the crystallisation temperature were found to not 
have changed the polymorphism of the precipitated CaCO3 due to the kinetic stabilisation 
effects of PSSA, instead hollow vaterite spheres formed at 75 and 100 °C. The possibility to 
synthesise HCS using CaCO3 as a template under chemical vapour deposition (CVD) at 
different temperatures (i.e. 600, 700 and 800 °C) was, for the first time, demonstrated. The 
evolution of CO2(g) from the decomposition of the template during CVD resulted in the 
formation of a rough surface topography on the carbon shell of the HCS. This surface roughness 
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increased with the increase in the reaction temperature due to the increased rate of CaCO3 
decomposition. The structural integrity of the spherical template was not affected by the CO2(g) 
evolution during carbonisation at all the reaction temperatures. The as-synthesised HCS at 600, 
700, and 800 °C gave specific BET surface areas of: 193, 55, and 51 m2/g, respectively. 
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 1 
Chapter 1: Research question and hypothesis 
 
1.1 Introduction 
 
1.1.1 Templated synthesis of micro- and nanomaterials 
Carbon micro- and nanomaterials have received increased interest since their discovery due to 
their remarkable physical and chemical properties such as: low density, good mechanical 
robustness, high surface area, high electron density and surface permeability[1]. These 
materials have found immense application in various scientific fields such as medical research 
in the area of drug delivery[2], nanotubes for waste water treatment[3], nanospheres as catalyst 
supports for iron oxide-based Fischer-Tropsch synthesis[4], exfoliated reduced graphene oxide 
and nanographene-structured hollow carbon spheres in lithium ion batteries[5], nitrogen doped 
carbon nanospheres in gas storage[6], hollow carbon spheres as supercapacitors[7] and in solar 
cells as well as in fuel cells[8].  
The precise, and controlled, growth of highly ordered and porous functional carbon materials 
through the use of structured templates is essential for obtaining materials with the dimensions 
and properties of interest. Hence these aspects have received attention over the last two 
decades[9]. Employing a tailored template as a synthesis mould offers a high degree of control 
over the shape, polymorphic composition and structural dimensions. This can be as fine as 
controlling the pore volume and size of the desired materials[10]. The fabrication of structured 
micro and nano-sized carbon materials from a template involves at least four aspects. 
1) The selection of an appropriate material that can withstand a wide variety of conditions 
(i.e. chemical/physical or both) in order to be deemed suitable as a template. 
2) The application of experimental methodologies to enable the synthesis of the chosen 
material, in desired dimensions of required morphologies for use as templates. 
3) The development of appropriate techniques to reliably coat a target material (e.g. 
carbon) onto the chosen template. 
4) Where necessary, the establishment of a dependable procedure for the subsequent 
removal of the template.  
Templates may be classed according to their chemical and physical nature; the ease of removal 
of the template from the desired synthesised material and the synthetic route used to produce 
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the template[10]. There are several classes of templates. One class, the non-colloidal templates, 
are commonly one-dimensional (1D) nanowires (e.g. nanotubes or nanofibers) onto which a 
precursor material or the material of interest is coated. For example, the synthesis of ZrO2 
nanotubes using carbon nanotubes as a template, via the sol-gel method[11]. Another class are 
soft colloidal templates that comprise: micro or macro-emulsions and micelles or vesicles 
(with/without other polymers) which are utilised in solution synthesis. However, these are not 
thermodynamically stable and tend to give a range of morphological sizes from 10 nm to tens 
of microns[12].  
Another class of templates that has received immense attention is the class of hard colloidal 
physical templates, such as silica colloidal particles which are synthesised by the Stöber 
method [13]. Here tetraethyl orthosilicate is hydrolysed in an aqueous ethanol solution that is 
catalysed by an ammonia solution at room temperature. The resultant as-synthesised spheres 
are in the size range of 100 - 500 nm [14].  
Although the Stöber method has been successful in the synthesis of hollow carbon spheres, it 
is not ideal for two reasons, namely: 1) the harsh chemicals (e.g. HF) that are required to 
remove the silica template and 2) the time consuming steps to do so.   
Several attempts have been made to use other sacrificial hard colloidal chemical templates such 
as polystyrene beads. These can be made simply by emulsion polymerisation or by purchasing 
commercial polystyrene beads [15]. One advantage of this type of sacrificial hard colloidal 
chemical template is that after coating with the desired carbon layer, the polymer can be burned 
off during carbonisation at high temperatures and chemically transformed into the resultant 
material, which eliminates the  chemical template removal step [15]. One disadvantage of this 
approach is that the resultant material formed this way may not have the strength characteristics 
required, which may limit its eventual use[16]. 
Hence alternative environmentally friendly and “softer” colloidal templates are needed. In this 
study a semi-hard colloidal template i.e. shaped calcium carbonate, was investigated as one 
such possible alternative.   
1.1.2 Morphogenesis of calcium carbonate: A deviation from silica  
Crystal growth of calcium carbonate 
Crystallisation behaviour of calcium carbonate in solution is one of the most widely studied 
processes in the area of crystal growth and engineering. Calcium carbonate is abundant as a 
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biomineral in nature and it has industrial relevance (e.g. used a filler for paint and paper[17] 
and its crystallisation causing lime scaling in water pipes[18], [19]). The vast abundance of 
crystallised CaCO3 in natural water has led to the extensive study in understanding its 
formation and transformation mechanism in that medium since the 1960-80s[20], [21]. 
Anhydrous calcium carbonate exists as three different polymorphs: the metastable vaterite and 
aragonite phases, and the stable calcite phase[22]. These polymorphs can exist under different 
reaction conditions during the precipitation of calcium carbonate in water, where the effect of 
temperature on polymorph formation is the most studied variable[21]. For instance, it has been 
reported that calcite and vaterite co-exist at temperatures between 10-30 °C, while all three 
polymorphs co-exist at intermediate temperatures of 40-50 °C[23]. Lastly studies have shown 
that aragonite and calcite co-exist at temperatures of 60 °C and above[23].  
Factors influencing crystal growth of calcium carbonate 
Crystal structures of the three polymorphs of CaCO3 have been reported as: 
 rhombohedral - calcite  
 hexagonal - vaterite, and  
 orthorhombic - aragonite[24].  
The incorporation of additives, the synthesis temperature, pH, and the synthesis solvent during 
crystal growth results in the inhibition or preferred growth of specific crystal facets.  This is 
achieved through the surface lattice energies of specific crystal planes, thereby favouring 
specific crystal morphologies[25]. 
The presence of cations in natural water has been the underpinning of studying the 
crystallisation and polymorphism behaviour of calcium carbonate in the presence of cations 
such as: magnesium, iron and other alkali earth metals[26], [27]. It has been observed that 
incorporating small amounts of magnesium ions during the crystallisation of calcium carbonate 
helps to stabilise the amorphous calcium carbonate. Further it favours the polymorph 
transformation of the aragonite phase by inhibiting calcite crystal growth[28]–[30]. 
There have been increasing efforts in studying solvent induced morphogenesis and 
polymorphism of calcium carbonate[31]–[34]. It has been shown that the difference in the 
polarity of the solvents can be used to influence the crystal growth of calcium carbonate. For 
instance, alcoholic solutions are known to favour the formation of vaterite crystals while 
inhibiting crystal growth of calcite and aragonite[19], [35], [36]. Polar aprotic solvents are also 
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known to inhibit the vaterite and aragonite polymorphs and favour the precipitation of the 
calcite phase[37]–[39].  
Amphipathic block co-polymers have also been widely studied for their use in the controlled 
synthesis of calcium carbonate hierarchal structures [40]. These types of co-polymers consist 
of hydrophilic and hydrophobic functional groups, which not only influence the crystal lattice 
parameters of the solid calcium carbonate, as demonstrated by the anisotropic lattice distortions 
found in mollusc-made aragonite[41], but through their ionic nature interact with the calcium 
ions prior to crystallisation[42]. This allows them to assume a pseudo-template nature [43]–
[46].  
Amphipathic block co-polymers have proven successful at influencing the morphology of 
calcium carbonate. However, they often lack structural control and lead to hetero-structured 
calcium carbonate particles due to the dual hydrophobic-hydrophilic nature of the co-polymers 
[47], [48].  
Precipitation of calcium carbonate in solution is favoured by pH between 9-12 and the yield 
increases with an increase in pH [49]. This chemical behaviour has been used in water treatment 
research to control the scale formation of calcium carbonate in water plants [50]. It has been 
shown that during specific reaction conditions polymorphism of calcium carbonate can be 
controlled by adjusting the pH of the reaction medium e.g. at elevated temperatures, a pH above 
12 favours aragonite formation [49]. 
 
1.2 Objectives of the study 
 
The aims of this research project were to:  
1) Investigate the effects of: reaction time, solvent type, solvent ratio, pH, temperature, 
calcium counter ion, polymer type and loading on the morphology and size of 
precipitated calcium carbonate. This was to provide a clear understanding of the factors 
affecting the crystal growth of calcium carbonate under different conditions. 
2) Fully characterise the synthesised calcium carbonate micro- and nanostructures using a 
wide range of techniques including: powder and variable temperature X-ray diffraction, 
thermal analysis (TGA/DSC), electron microscopy (SEM, TEM and SEM/TEM based 
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EDS), BET surface area and pore size analysis, selected area electron diffraction and in 
situ laser Raman as well as continuous laser Raman spectroscopy. All these analyses 
were performed in an attempt to understand the phase transformations that occur during 
the synthesis and post-synthesis conditions of the micro- and nanostructures of calcium 
carbonate.  
3) Explore the possibility of using the calcium carbonate precipitates (particularly those 
that were spherically shaped) as templates for shaped carbon deposition. 
4) Determine the conditions that would be required to remove the micro or nanostructured 
calcium carbonate templates (especially those that were spherically shaped) from 
within the shaped carbon materials after deposition.  
 
1.3 Hypotheses and questions 
In spite of the undeniable evident success of the Stöber method in the fabrication of highly 
porous carbon spheres (HPCS), the removal of this template often takes hours and involves the 
use of harsh chemicals such as hydrofluoric acid and concentrated alkali solutions. Therefore, 
this study sought to circumvent such conditions by providing a novel semi-hard colloidal 
template method by addressing the following research questions: 
1. Can different morphologies of calcium carbonate be synthesised from the proposed 
reaction conditions? 
2. Can the size and shape of these calcium carbonate precipitates be manipulated by 
varying specific reaction conditions? 
3. Can carbon be deposited (by either chemical vapour deposition (CVD) or the 
hydrothermal method) onto the surface of the as-synthesised calcium carbonate 
precipitates (particularly those that were spherically shaped)?  
4. What role would the decomposition of calcium carbonate into calcium oxide and carbon 
dioxide at higher temperatures (ca. 800 °C) play, if carbon deposition on these 
spherically shaped templates is successful? If the calcium carbonate materials are to be 
used as a template for carbon coating under CVD two things may hypothetically occur 
during the carbon deposition: 
i. The carbon dioxide gas coming out of the spherically shaped calcium 
carbonate precipitate may cause it to disintegrate and lose its morphology 
or; 
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ii. The exiting gas may create larger pore structures on the carbon shell, which 
would be very much preferential for yolk-shell catalyst formation (i.e. this 
would provide high surface area, less induction periods, high diffusion rates 
and may even lead to higher catalytic activity).  
5. Will the success of this synthetic template route open a whole new avenue within the 
template synthesis of HPCS which can be applied in a wide range of different research 
areas?  
 
1.4 Outline of dissertation 
 
Chapter 1: Gives the main motive of this research and the associated research questions and 
hypotheses. 
 
Chapter 2: Gives a detailed review on the synthesis of hollow carbon materials by the 
templating method, the chemistry of CaCO3 and its potential to be used as a template. 
 
Chapter 3: Provides experimental and characterisation procedures for the synthesis of CaCO3 
and hollow carbon spheres. 
 
Chapter 4: Reports on the manipulation of the morphology and polymorphic distribution of 
CaCO3 using binary polar aprotic-protic solvent mixtures. 
 
Chapter 5: Reports on the use of temperature to influence the self-assembly of the poly (4-
styrene sulfonic acid)-stabilised vaterite crystals. 
 
Chapter 6: Reports on the use of vaterite spheres as templates for the fabrication of hollow 
carbon spheres. 
 
Chapter 7: Provides conclusions of the study and recommendations. 
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Chapter 2: Literature review  
 
2.1 Synthesis of hollow nano and micromaterials by templating  
 
2.1.1 Various classes of templates, their properties, advantages and disadvantages  
In recent years, the precise control of the dimensions (size, shape, channel replication, pores, 
and spatial arrangement) of nano- and micro-structured materials has become increasingly 
important to materials science in order to improve the physicochemical properties of the desired 
materials[1]–[4]. A high degree of control of the size, shape and pore sizes has been achieved 
by employing pre-existing (or pre-synthesised) materials with desired features as templates in 
the synthesis of materials with unique morphologies and properties[1], [5].  These types of 
templated syntheses of nano- and micro-structured materials have typically been carried out 
through the following steps: (1) selection and/or preparation of an appropriate template, (2) 
synthesis of the target material using the template, and (3) removal of the template (if 
necessary)[4]. Generally speaking, a template is any material which possesses the specific 
dimensions of interest. Templates are typically classed based on their physicochemical 
properties, and their templating methods (Figure 2.1)[2]. With that being said, there are a vast 
range of materials which can be selected as templates. These can be naturally occurring 
materials such as inorganic minerals, or they can be synthetic materials. 
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Figure 2. 1. Classification of templates: (a) Types of templates, (b) Synthetic strategies[2]. 
 
There are generally two main types of templates: colloidal, and non-colloidal [2], [6]. Colloidal 
templates may be further branched into hard colloidal physical templates, hard colloidal 
chemical templates, and soft colloidal templates. Hard colloidal physical templates are one of 
the most effective templates in the synthesis of hollow structured materials with well-defined 
pore structures[7], [8]. These are typically solid colloidal particles such as silica particles, 
synthesised by the Stöber method[9] (or the modification of this method). This method is 
generally based on the ammonia-catalysed hydrolysis of tetraethyl orthosilicate (TEOS) in an 
aqueous ethanol solution. The resultant as-synthesised silica particles have a spherical 
morphology with diameters ranging from 100 nm to a few microns[7], [9], [10]. This method 
is typically modified by the formation of an additional mesoporous layer of silica on top of the 
silica spheres by using a porogen in order to obtain a template with well-defined pore 
structures[5], [11].  
Synthetic strategies for the synthesis of the desired target material (using hard colloidal 
physical templates), are usually carried out by physical templating (Figure 2.1) via surface 
coating and channel replication. Here the final material bares the pore dimensions of the 
template after its removal by chemical etching (depending on the chemical nature of the 
template)[12]. Attempts have been made to synthesize structured target materials by soft 
colloidal templates which can be easily removed without the need of chemical etching 
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methods[13], [14]. Soft colloidal templates are typically polymers, macro or microemulsions, 
micelles, and molecular assemblies[2]. For example, polyvinyl alcohol has been used as a soft 
colloidal template in the large scale hydrothermal synthesis of hollow carbon spheres (HCS) 
with high specific surface areas of 1036 m2/g using a phenolic resin as a carbon source[14]. 
The idea is that the polymer template collapses/decomposes under high calcination 
temperatures hence eliminating the template removal step. Similarly, polystyrene (PS) latex 
beads have been used to synthesize HCS using the hydrothermal method (Figure 2.2)[13]. (PS) 
latex beads can either be purchased or simply be made by the polymerisation of styrene 
monomers in a water emulsion catalysed by free radicals[13]. They typically have diameters 
of about 100 nm to a few microns. 
 
Figure 2. 2. Synthetic strategy for the hydrothermal carbonisation (HTC) of hollow carbon 
spheres using PS latex as a soft colloidal template and biomass as a carbon source[13]. 
 
 
Recent advances have been made to develop hollow structured materials with well-defined 
pores without the need of a preformed template[3]. Hard colloidal chemical templates do not 
only act as a mould during the synthesis of the target material, they are also chemically 
transformed into the resultant target material[3], [6]. These are typically self-templating 
reactions occurring via Ostwald ripening or the Kirkendall effect[6]. The advantages of this 
method are that it does not require the preparation of a template, and the template removal stage 
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is eliminated[3]. For example, mesoporous hollow silica spheres have been prepared by the 
self-templating method without the need of a preformed solid template[6], [15]. 
Another class of templates which has been increasingly explored in the synthesis of structured 
nano and micro-materials is non-colloidal[2]. Non-colloidal templates are synthetic materials 
commonly derived from non-colloidal syntheses such as: 1D nanowires and nanotubes 
synthesised by catalytic chemical vapour deposition (CVD) or electrospinning, and porous 
materials like zeolites, or they can be naturally occurring materials with intricate morphologies 
like diatoms, onto which target materials can be deposited[2]. For example, the synthesis of 
ZrO2 nanotubes have been synthesised using carbon nanotubes as a template, via the sol-gel 
method[16]. Zeolite-templated carbon materials prepared by gas phase CVD have been 
prepared and used for hydrogen storage due to the intricate zeolite pores embedded on the 
resultant target material[17]. Hierarchically structured micro-carbon materials have been 
synthesised using naturally occurring diatoms as templates[18]. Although non-colloidal 
templates give target materials with well-defined structural dimensions, little can be done in 
manipulating the morphology of the template.  
 
2.1.2 The templated synthesis of hollow nano and microcarbon materials 
2.1.2.1 Different types of synthetic strategies to obtain hollow carbon materials  
Functional carbon nano and micromaterials are one of the most extensively applied materials 
in various scientific fields and technological applications, including areas such as: drug 
delivery [19], waste-water treatment[20], catalyst supports[21], energy storage[22]–[24], and 
gas storage[25]. In particular HCS, ranging in size from nanometers[14] to micrometers[10], 
have received increasing interest over the past few years owing to their promising physico-
chemical properties such as: low density, chemical inertness, high surface area, high electron 
density and surface permeability[1].  
The precise controlled synthesis of well-ordered and porous advanced functional HCS has been 
achieved through the use of pre-synthesised structured templates[5], as shown schematically 
in Figure 2.3.  
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Figure 2. 3. General schematic for the templated synthesis of HCS[1]. 
 
This can be performed under gas-phase chemical vapour deposition (CVD) wherein a carbon 
source (i.e. acetylene gas or bubbled toluene) is decomposed at high temperatures and 
consequently deposit on the template, followed by the removal of the template[10]. 
Alternatively HCS can be synthesised by the hydrothermal method in a high pressure autoclave 
reactor, wherein a biomass monomer (such as glucose) is catalytically polymerised in solution 
in the presence of a template, and subsequently calcined at high temperature to carbonize the 
polymeric coating[13], [26]. CVD is typically advantageous in that the HCS are highly 
graphitic, however hydrothermally prepared HCS typically have higher specific surface areas 
due to their high porosity, as opposed to CVD synthesised HCS[10]. 
There are two main strategies used in the templated synthesis of HCS: (1) Hard templating, 
and (2) Soft templating, (as shown in Figure 2.4)[1].  
 
Figure 2. 4. Templating strategies, based on the nature of the template, for the synthesis of 
HCS[1]. 
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Again these colloidal templates were categorised according to their (chemical) nature, just as 
described earlier in the review. For instance, hard templating methods are typically based on 
mesoporous silica spheres synthesised by the modified Stöber method[10], [11]. In this method 
an extra mesoporous layer of silica is grown on the surface on the Stöber spheres using a 
porogen, such as cetyltrimethylammonium bromide (CTAB), in order to increase the porosity 
of the template so that channel replication may be achieved during carbon coating.  
For example, Mokaya’s group performed a study where they compared mesoporous micro-
HCS, which were synthesised using a silica template by the conventional CVD method under 
a temperature range of 950–1100 °C, and HCS that were synthesised by the hydrothermal 
method and subsequently annealed at 900 °C[10]. Here they observed, through powder X-ray 
(PXRD) analyses, that the crystallinity of the HCS synthesised by CVD increased with 
increased reaction temperature. However the specific Brunauer, Emmett and Teller (BET) 
surface area of the as-synthesised HCS (from CVD) decreased with increased reaction 
temperature. HCS from hydrothermal synthesis generally had higher BET surface area and 
pore volume due to the use of a porogen during the liquid-phase polymerisation of the carbon 
precursor in the high-pressure autoclave hydrothermal reactor. These observations were 
attributed to the decrease in the pore volumes of the highly crystalline CVD HCS were 
consistent with the results obtained by Coville’s group when HCS synthesised by CVD and 
hydrothermal synthesis were compared[11]. 
Soft templating methods for hollow carbon materials are generally based on the use of 
sacrificial templates or self-templating techniques which either eliminate the requirement of a 
template (self-template) or the step pertaining to its chemical removal[13], [14], [26], [27]. 
This method makes use of polymer beads (such as polystyrene), self-assembled micelles or 
vesicles as sacrificial templates in the synthesis of HCS (Figure 2.4). Syntheses are typically 
carried out by the hydrothermal method, followed by calcination of the material in a furnace to 
crystallise the polymeric coated carbon and burn off the template in the process. For example, 
White et al. demonstrated the ability to synthesize HCS carbon spheres (with diameters ranging 
between 100 and 130 nm) by hydrothermal methods using PS latex beads and glucose as a 
carbon source, followed by removal of the template by carbonisation[13]. These HCS had 
specific BET surface areas of about 400 m2/g. Similarly, Fu et al. have also reported on the 
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hydrothermal synthesis of HCS where a sacrificial PS template was used and poly-
cyclotriphosphazene-co-4,4-sulfonyldiphenol was employed as the carbon source [27]. 
Although soft templating methods are quite advantageous in the way that they frequently do 
not require the removal of a template or a template itself, the HCS that result often lack the 
structural integrity and uniformity of hierarchically structured materials that are synthesised by 
hard templating. These HCS also suffer from low specific BET surface areas compared to their 
hard templated HCS counterparts. However, an attempt has been made to obtain high surface 
area HCS by the soft templating method using polyvinyl alcohol micelles as templates and a 
phenolic resin as the carbon precursor[14]. Using this method, HCS with average diameters of 
1.1 mm, average shell thickness of about 0.2 mm, and high surface areas of 1036 m2/g were 
successfully synthesised.  
2.1.2.2 Beyond the Stöber method paradigm 
The Stöber method has been quite successful in the synthesis of well-ordered, monodisperse 
and porous HCS, as has been discussed in this review. However, the limitations brought by the 
need for employment of harsh chemicals like hydrofluoric acid (HF) in the template removal 
step, calls for more environmentally benign colloidal templating methods to be invoked in 
order to improve on the already successful hard templating technique. 
Calcium carbonate (CaCO3) is one of the most abundant biominerals on earth[28], which 
precipitates under basic conditions and dissolves under mildly acidic conditions. Synthetically, 
CaCO3 can be shaped into a variety of morphologies using additives such as organic molecules 
or inorganic ions[29], [30]. This makes it an ideal template candidate for the synthesis of HCS. 
However, the thermal decomposition of CaCO3 at high temperatures (typically 700–800 
°C)[31] into CO2(g) and CaO(s) could potentially be a limitation if this material is to be used 
as a template in the high temperature CVD synthesis of HCS. Nonetheless it is a material of 
interest. 
 
2.2 Morphogenesis and polymorphism of CaCO3 
 
2.2.1 Factors influencing the nucleation and growth of CaCO3  
Solution-based precipitation of CaCO3 has been extensively studied in the area of crystal 
growth and design by biomineralisation[28]. Biomineralisation is a process by which inorganic 
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minerals such as mollusc shells and coccolith structures, are crystallised by natural organisms 
[32]–[34]. Biomimetic crystallisation is the in vitro formation of biominerals by using organic 
additives such as the ones present in the formation of natural shells[35]. This has led to studies 
in the understanding the formation and transformation mechanism of calcium carbonate in 
water since the 1960-80s [36], [37]. 
Anhydrous calcium carbonate exists in three different polymorphs: vaterite, aragonite, and 
calcite, in their order of increasing thermodynamic stability[38]. Crystal structures of the three 
polymorphs of CaCO3 with their bulk and surface lattice energies have been reported as:  
1) rhombohedral crystal structure – calcite,  
2) hexagonal crystal structure – vaterite, and  
3) orthorhombic crystal structure – aragonite[39].  
Different polymorphs can exist or co-exist under different crystallisation conditions. 
Understanding the nucleation and crystal growth mechanism of CaCO3 offers a powerful tool 
which can be used to manipulate the morphological and polymorphic transformation. For 
instance, it has been reported that calcite and vaterite co-exist at temperatures between 10-30 
°C, while all three polymorphs co-exist at intermediate temperatures of 40-50 °C[40]. Lastly 
studies have shown that aragonite and calcite co-exist at temperatures of 60 °C and above[40]. 
The abundance of these polymorphs of calcium carbonate, as a function of temperature in water 
(in the absence of additives), is shown in Figure 2.5.  
 
Figure 2. 5. The effect of temperature on the polymorphism of CaCO3 in water.[36] 
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This may seem like a straight-forward way of manipulating polymorphism of CaCO3. However 
biominerals in nature form under complex conditions with extremely highly crystallochemical 
specificity, resulting in highly ordered and complex crystal morphologies which are often 
difficult to produce synthetically[33], [34].  Various factors influence the crystallisation of 
CaCO3 including the: incorporation of additives, synthesis temperature, pH, synthesis solvent 
during nucleation and process of crystal growth. Collectively these factors result in the 
inhibition or preferred growth of certain crystal facets by affecting the surface lattice energies 
of selected crystal planes, thereby favouring specific thermodynamically stable crystal 
morphologies[41]. 
Surface energy changes associated with these molecular interactions have been used in 
computational methods, such as Monte Carlo and molecular dynamics simulations, to study 
the most favoured or highest probable interactions between specific crystal facets and additive 
molecules or solvents in order to understand how the fundamental crystal structure’s lattice 
parameters are modified to result in a specific crystal shape[42], [43]. This information has 
been used to predict the morphologies of crystals under specific growth conditions[41], [44]. 
For instance Leeuw and Parker have demonstrated an ability to predict, by atomic simulations, 
the favoured surface structures and morphologies for different CaCO3 polymorphs[39]. In their 
study, they investigated the effect of molecular adsorption of water on the low-index surfaces 
of calcite, aragonite, and vaterite. Here they were able to show that for calcite the (104) surface 
was the most stable and that hydration had a stabilising effect on that surface[39]. Overall, 
using their simulations they found that the morphologies of the hydrated crystals (calcite, 
vaterite, and aragonite) were in good agreement with those of the synthetic morphologies, and 
their calculated bulk lattice energies reflected their thermodynamic stability[39].  
The crystallisation of biogenic calcite in natural water is largely influenced by the presence of 
divalent cations. This has been the driving force to understand the effects of these divalent 
metals ions in the morphogenesis and polymorphism of CaCO3[42], [45]. It has been suggested 
that crystallising CaCO3 in the presence of magnesium ions (Mg
2+) could stabilise the 
amorphous calcium carbonate[46]–[48]. Nishino et al. demonstrated, through PXRD, that there 
was a significant shift to higher 2θ angles and a broadening of the (104) calcite diffraction peak 
(Figure 2.6) with an increase in the Mg2+/Ca2+ratio[49]. An increase in the Mg2+/Ca2+ratio 
during the nucleation and crystal growth of calcite has been suggested to be accompanied by 
anisotropic lattice distortions (elongation) along the c-axis[45].  
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Figure 2. 6. PXRD patterns of CaCO3 deposits formed with various Mg
2+ concentrations. As 
the Mg2+ concentration was increased the (104) diffraction peak weakened and shifted to 
higher 2θ angle.[49] 
 
Leeuw reported on molecular dynamics (MD) simulations of the growth inhibition effect of : 
iron (Fe2+), magnesium (Mg2+), cadmium (Cd2+), and strontium (Sr2+) on the crystal 
proliferation of calcite[42]. It was discovered from the MD simulation results that calcite 
augmentation was a slightly endothermic process in the absence of any impurity (on average 
+1.8 to +35 kJ.mol-1), and the presence of impurity ions at the step edges impeded the crystal 
proliferation. The average enthalpies of the CaCO3 growth process increased to +15 to +75 
kJ.mol-1, depending on the nature of the impurity ion. In her study, the MD simulations 
suggested that competing nucleation and growth of these impurity carbonates (MCO3, where 
M= Fe2+, Mg2+, Cd2+, and Sr2+) at the calcite steps was initially a thermodynamically favourable 
process[42]. However, further incorporation of impurities became more endothermic with the 
increase in the concentration of these impurities, hence inhibiting further calcite growth[42]. 
These MD results were in good agreement with experimental results reported by Nishino et al. 
where an increase in Mg2+ concentration resulted in the decrease in the crystallinity of the (104) 
diffraction peak of calcite, as previously seen in Figure 2.6[49]. 
Morphogenesis and polymorphism of CaCO3 in pure or mixtures of solvents has perhaps been 
the most rapidly emerging method of biomimetic crystallisation of CaCO3[50]–[56]. Reports 
have suggested that when alcoholic solvents have been used, these have resulted in the 
preferred formation of metastable polymorphs of CaCO3 (mostly ACC and vaterite) by kinetic 
inhibition of the growth of the thermodynamically stable polymorph – calcite[51], [54], [57]. 
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Kinetic studies by Manoli and Dalas showed that the rate of vaterite crystallisation, as a 
function of the relative solution supersaturation, in the presence of ethanol, diethylene glycol, 
and isopropanol was much higher in each of these alcohols than in the absence of any alcohol 
– supporting the kinetic inhibition argument[51].  
Underpinned by the presence of biopolymers within the hierarchically structured shells of 
marine organisms[58], [59], polymeric organic molecules are by far the most explored forms 
of additives in the biomineralisation of CaCO3[52], [60]–[73]. Of these, amphipathic block co-
polymers, or the so-called double-hydrophilic block co-polymers, have been widely 
investigated[60], [72], [73]. These types of polymeric organic molecules (such as poly(ethylene 
glycol)-block-poly(methacrylic acid) (PEG-b-PMAA)) consist of hydrophilic and hydrophobic 
functional groups. These have been suggested to influence the crystal growth and 
polymorphism of CaCO3 via molecular recognition, due to their ionic interaction with the 
calcium ions prior to crystallisation and selective surface binding of the organic functional 
motifs on specific growing crystal facets, thus resulting in systematic morphogenesis and 
polymorphism of the growing crystals by kinetic effects[60], [74].  
Although these double-hydrophilic block co-polymers have proven to be successful at 
influencing the morphology of CaCO3, they often lacked the crystallochemical specificity 
observed in natural marine biominerals due to their dual hydrophobic-hydrophilic nature, and 
thus have led to hetero-structured CaCO3[70], [75]. Single or pure polymeric additives such as 
amino acids, have been used to influence the polymorphism and morphogenesis of CaCO3[62], 
[67]. Kitano and Hood investigated the effect of different amino acids and their concentration 
on the polymorphism of CaCO3[67]. In their study, it was observed that most of the amino 
acids that were not selective towards the crystallisation of calcite (as their concentration was 
increased) were in fact selective towards the vaterite polymorph (Figure 2.7). It was later shown 
by Density Functional Theory (DFT) and MD calculations by Okhrimenko et al. that the 
adsorption energies of alcohols on the calcite polymorph were higher than on the vaterite 
polymorph of CaCO3, thus inhibiting further growth of calcite[76]. This again, reaffirms the 
kinetic inhibition model of polymorphic selection during the nucleation and growth of calcium 
carbonate in the presence of alcohols.  
Another important factor in the controlled crystal growth of CaCO3 in solution is the pH[60], 
[77]. Studies by Tai and Chen showed that CaCO3 precipitated from solution at pH’s ranging 
between 9-12[77]. In their study, they were able to demonstrate the polymorphic control of 
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CaCO3 using varied pH conditions at different temperatures. Significantly, it was observed 
from their study that the effect of pH was most prominant at room temperature (i.e. 24 °C). The 
dependence of polymorphic distribution on pH when the solution temperature was maintained 
at 24 °C (without any additives) is shown in Figure 2.8[77].  
 
 
Figure 2. 7. The effect of different polymeric additives and their concentration on the 
polymorphism of CaCO3. (a) Calcite selectivity. (b) Aragonite selectivity (had no effect: 
acetate, alanine, arginine, chondroitinsulfate, citrate, dextrose, galactose, glutamate, glycine, 
glycogen, glycoprotein, glycylglycine, lactate, malate, pyruvate, and succinate). (c) Vaterite 
selectivity (had no effect: acetate, alanine, arginine, chondroitinsulfate, citrate, galactose, 
lactate, malate, pyruvate, succinate, and taurine)[67]. 
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Figure 2. 8. Effects of pH on the polymorphism of CaCO3 at 24 °C. Key: (V) – vaterite;           
(A) – aragonite; (C) – calcite[77]. 
 
However, the influence of pH may change in the presence of other additives, such as polymers. 
Cölfen and Qi have reported on the influence of pH on the morphology and polymorph of 
crystallised CaCO3 in the presence of poly(ethylene glycol)-block-poly(methacrylic acid)[60]. 
Here it was interesting to note that the variation of pH drastically changed the morphology of 
the CaCO3 i.e. decreasing the pH from 11 to 9 resulted in the formation of rod-like particles 
(c.a. 15 µm long), while a mixture of ellipsoidal particles and irregular aggregates were formed 
at pH 11[60]. Despite this, the PXRD results suggested that calcite remained the dominant 
polymorph throughout.  
 
2.2.2 Studies on the calcium carbonate crystal growth mechanism  
So far in this review, it can be seen that polymorphic and morphogenic control during crystal 
growth is really an ancillary system governed by the interplay between energetic and kinetic 
factors, and not a trivial system that can be manipulated by one factor; hence the same crystal 
can have many different shapes[28], [78], [79]. Therefore in general, energetically, the final 
shape/morphology of a crystal is that which minimizes the total surface free energy of the bulk 
crystal. Lower energy faces (and phases, in the case of crystals with different polymorphs) will 
always be favoured[78]. On the other hand, kinetically, the slowest growing face become more 
pronounced, and the fastest growing faces (and phases, in the case of crystals with different 
(V) 
(A) 
(C) 
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polymorphs) either become small or disappear altogether[78]. Consequently, faces which are 
lower in energy tend to be the slowest in proliferation and preferentially expressed in the shape 
of the bulk crystal.  
This has served as a rationalisation behind the Ostwald-Lussac law of phases[78], generally 
referred to as the Ostwald step rule, which states that: “A crystallisation system will go through 
a series of available metastable phases before finally forming the lowest free energy, stable 
phase”[79]. In the case of the crystallisation of CaCO3, this will follow the sequence: 
amorphous CaCO3 (ACC) followed by vaterite, aragonite, and finally calcite. This transition is 
believed to occur through dissolution of the precursor phase and precipitation of the more stable 
phase i.e. the so-called dissolution-reprecipitation mechanism[29], [79], [83]. However, this 
sequence can be altered by factors which can influence the kinetics and energetics of the 
crystallising system such as additives, as we have already discussed earlier in the review. Hence 
several researchers of the in situ nucleation and crystal growth processes have reported 
different pathways. For example, in situ PXRD studies by Rodriguez-Navarro et al. have 
suggested the formation of ACC and its transformation directly into calcite at room 
temperature[80]. By contrast in situ PXRD results by Rodriguez-Blanco et al. have suggested 
that the transformation of ACC into calcite occurs via vaterite formation at 7.5 °C[81], a 
mechanism which has also been reported by Nielsen et al. in their in situ TEM studies[82]. 
While differences in the suggested pathways do exist, most importantly, all of these researchers 
have agreed upon the dissolution-reprecipitation mechanism based on the general Ostwald step 
rule. 
2.2.3 Crystal tectonics: Beyond the classical crystal growth model   
The classical model of crystal growth postulates that crystallisation occurs by an ion-by-ion or 
single-molecule attachment to a critical nucleus where growth takes place via the amplification 
and enlargement of the unit-cell into a single bulk crystal without structural changes in the 
bulk, i.e. the bulk crystal resembles the symmetry of the unit-cell[83]. By contrast, if there is 
enough (kinetic) stabilisation of the preformed growing crystals by foreign additives (mostly 
organic molecules), the aggregation of these crystals into a bulk crystal of the most 
energetically favoured shape, may take place (Figure 2.9)[84]–[87].  
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Figure 2. 9. Schematic representation of classical and non-classical models of crystallisation. 
(a) Classical crystallisation pathway, (b) oriented attachment of primary nanoparticles 
forming an iso-oriented crystal upon fusing, (c) mesocrystal formation via crystal tectonics of 
primary nanoparticles covered with organic molecules[88]. 
 
This has also been referred to as non-classical crystallisation. Hence, crystal tectonics is the 
directed or self-assembly of individual preformed crystals into complex, hierarchically 
structured bulk crystals[71], [84]. This term was first introduced by Stephen Mann, in an 
attempt to explain the formation of the intricate and complex morphologies of biominerals in 
nature, mostly those of CaCO3[29], [84], [89]. These types of crystals were then referred to as 
mesocrystals by Helmut Cölfen[88], [90], [91], i.e. crystal clusters formed by the self-assembly 
of nanocrystals ranging between 1–1000 nm in size. 
The complexity of the morphologies of biomineral mesocrystals found in nature, such as the 
coccolith structure[33], and their formation strategies could not be explained by the simple 
classical ion-by-ion meditated crystal growth, hence the non-classical crystal growth had to be 
invoked. This was due to the fact that the in vivo crystallochemical specificity and the 
sophisticated cellular processing of biominerals in biological organisms, which allows them to 
strictly control the energetic and kinetics of their biominerals, is still often difficult to fully 
understand and reproduce synthetically[28], [35]. In recent years, however, advances in the in 
vitro biomineralisation by directed self-assembly of nanostructures into complex hierarchal 
CaCO3 structures[71], [92]–[94] has provided massive insights into new methods of growing 
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inorganic crystals, which could play a vital role in materials science, in particular the synthesis 
of  advanced functional materials with superior properties. 
2.2.4 Proposed advantages of crystal tectonics to materials science 
Crystal tectonics of nanoparticles/nanocrystals into higher-ordered superstructures, which 
retain the size-dependant properties of their nano-sised building blocks, has been suggested to 
result in materials which have superior physicochemical properties compared to their single 
nanoparticle counterparts[86], [92], [95]. Open framework materials such as zeolites, have 
been tailored via crystal tectonics (self-assembly) with a high level of control of the structural 
dimensions required for a specific application[96]. Controlled synthesis of binary nanoparticle 
super-lattices has produced materials with better magnetic and conducting properties by using 
combinations of semiconducting, metallic and magnetic nanoparticle building blocks[97], [98]. 
Crystal tectonics is not only limited to the assembly of already preformed nanoparticles into 
hierarchical structures. In situ synthesis of nanoparticles and their controlled assembly into 
highly ordered structures has seen much interest in the current literature[99], [100]. 
Mesoporous metal oxides such as TiO2, with high surface area and ordered pore structures have 
been synthesised by the hydrolysis of TiCl4 in the presence of 1-butyl-3 
methylimidazoliumtetrafluoroborate as an organic additive[100]. Jiang et al. have reported on 
the synthesis of multi-metallic mesoporous spherical platinum-based electrocatalysts by in situ 
organic surfactant-directed synthesis (as seen schematically in Figure 2.10)[99]. These 
catalysts were reported to perform better that the conventional single platinum nanoparticles in 
the methanol oxidation reaction[99]. 
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Figure 2. 10. Schematic of the synthesis of : (1) Mesoporous bimetallic PdPt spheres,            
(2) Mesoporous trimetallic Au@PdPt spheres, and (3) Mesoporous trimetallic PdPtCu 
spheres[99]. 
 
2.3 Conclusions 
 
In this review, the different types of templates used in the templated synthesis of micro and 
nanostructured materials were discussed. A brief description of the synthesis of each type of 
template was given. The advantages and disadvantages of different types of templates and their 
synthetic strategies were explained. Brief examples of materials synthesised by different types 
of templates were given. A comprehensive review on the templated synthesis of micro and 
nanocarbon materials was also reported. The description of the hard and soft templating 
methods was provided. Soft templating methods are more advantageous in that they eliminate 
either the requirement of a template or the template removal step. However, hard templating 
techniques have been suggested to give the best hierarchically structured and monodisperse 
porous HCS. The limitations of this method were given, and thus an alternative template 
(CaCO3) was suggested. Different methods for the morphogenesis and polymorphism of 
CaCO3 were thoroughly discussed. Factors affecting the growth of CaCO3 were given. 
(1) 
(2) 
(3) 
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Different crystal growth mechanisms of CaCO3 were also discussed. Lastly the benefits of 
crystal tectonics (self-assembly) to materials science were proposed.   
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Chapter 3: Experimental and characterisation procedures 
for the synthesis of calcium carbonate and hollow carbon 
microspheres 
 
3.1 Method for synthesising CaCO3 
 
3.1.1 Chemicals 
All chemicals were of analytical grade. Calcium chloride, ammonium carbonate, polyethylene 
glycol (Mw 200), poly (4-styrenesulfonic acid) (PSSA) Mw ~75 000, 18 wt. % in H2O, 
methanol (CP), ethanol (CP), isopropanol (AR) were purchased from Sigma-Aldrich. 2-
Butanol (98 %) and sodium hydroxide pellets were purchased from Merck (Pty) Ltd South 
Africa. The ammonia solution of 25 %, hydrochloric acid (HCl) of 32 %, dimethyl sulfoxide 
(CP) (DMSO), and dimethylformamide (CP) (DMF) were all purchased from ACE associated 
chemical enterprises. All chemicals were used without any further purification.  
3.1.2 General synthesis of CaCO3 
It has been reported that the pH, polymer type, polymer concentration, initial precursor salt 
concentration and reaction temperature all have a significant influence in the calcium carbonate 
polymorph and morphology that is produced [1], [2]. These variables were changed during 
synthesis to see how they affected the morphology and polymorph of the as-synthesised 
calcium carbonate (CaCO3) particles. For the sake of convenience, specific reaction conditions 
are discussed in the relevant results chapters. 
 
3.2 Experimental procedure for hollow carbon spheres synthesis 
 
3.2.1 Gases 
Both acetylene Technical (99.9%) and argon Baseline 5.0 (99.9%) gases used in the Chemical 
Vapour Deposition (CVD) were purchased from AFROX (African Oxygen) Ltd. The flow rates 
of the gases were kept at 100 ml/min for the duration of the CVD reaction.  
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3.2.2 Chemical Vapour Deposition (CVD) reactor set-up 
The synthesis of carbon coated CaCO3 microspheres was carried out by atmospheric pressure 
CVD (Figure 3.1). A mass of 2 g of CaCO3 microspheres were placed inside a quartz boat in 
the centre of a quartz tube and then inside a horizontal temperature-controlled tube furnace. 
The furnace temperature was ramped to a desired reaction temperature (e.g. 600 ˚C, 700 ˚C or 
800 ˚C) at a heating rate of 10 ˚C/min, while flowing argon gas at a constant flow rate of 100 
ml/min. After the furnace was heated to the desired temperature, the argon gas flow was 
stopped and a constant 100 ml/min flow of acetylene (the carbon source) was introduced into 
the reaction chamber for 90 minutes. After the reaction, the products were allowed to cool to 
room temperature under the constant 100 ml/min flow of argon. The resultant products were 
then treated with pure acetic acid for 24 hrs in an attempt to remove the calcium carbonate 
microspherical template in an attempt to produce hollow carbon microspheres. 
 
Figure 3. 1. Horizontal CVD set up. 
 
3.4 Characterisation techniques 
 
The following techniques were used to probe the physical and chemical properties (i.e. thermal 
stability, morphology and topography, surface area, etc.) of the synthesised materials in order 
to understand the synthetic process and hence select the best conditions to enable the most 
useful products. 
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3.4.1 Transmission electron microscopy (TEM) 
TEM micrographs were obtained using an FEI Tecnai T12 Transmission Electron Microscope 
(Oregon, USA) operated at 120 kV fitted with a TVIPS-TEM-Cam F416 retractable 
transmission electron microscope camera (GmbH, Germany). Samples were suspended in 
methanol or deionised water and ultra-sonicated for 30 minutes, and then a drop was added on 
to a copper grid using a pipette and dried prior to imaging.  
 
Figure 3. 2. FEI Tecnai T12 transmission electron microscope. 
 
3.4.2 Powder X-ray diffraction 
Powder X-ray diffraction (PXRD) patterns were obtained using a Bruker D2 PHASER desktop 
diffractometer equipped with a LYNXEYE PSD detector (set to measure a 5° 2θ angular 
range), 2.5° primary and secondary beam Soller slits, and Co X-ray micro-source (Kα with λ 
= 1.78897 Å) operated at 30 kV and 10 mA. The goniometer radius of the diffractometer was 
70.7 mm. The instrument was also fitted with a secondary beam Fe filter to attenuate Kβ 
radiation and a 3 mm air-scatter slit. Diffraction data were collected in the 2θ range 10-90° in 
0.0260° steps and at a count time of 0.5 sec/step.  
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Figure 3. 3. Bruker D2 PHASER desktop powder X-ray diffractometer. 
 
3.4.3 Laser Raman spectroscopy  
Laser Raman spectra were acquired using a Horiba Jobin-Yvon LabRAM HR Raman 
spectrometer with an Olympus BX41 optical microscope attachment. The excitation 
wavelength of 514.5 nm from an argon ion laser was directed onto the sample particles using 
a 100x objective (NA=0.90). The backscattered light was dispersed via a 600 lines mm-1 grating 
onto a liquid nitrogen cooled CCD detector and the data was captured using LabSpec 5 
software. The incident laser power was about 0.5 mW at the sample.  
 
Figure 3. 4. Horiba Jobin-Yvon LabRAM HR Raman spectrometer. 
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3.4.4 Scanning electron microscopy  
Scanning electron microscopy (SEM) micrographs were obtained using the FEI Nova Nanolab 
600 FIB/SEM microscope, equipped with an E-T detector, at an accelerating voltage of 30 kV. 
For SEM analysis, samples were mounted on double sided carbon tape (SPI Supplies, West 
Chester, PA, USA) which was mounted on 35 mm aluminium stubs (SPI Supplies, West 
Chester, PA, USA). The mounted samples were then sputter coated with a      5 nm carbon 
layer prepared by an Emitech 950x Carbon Vacuum Evaporator (Quorum Technologies; 
Ashford, Kent, UK), and with a 5 nm gold-palladium layer prepared by an Emitech 550x 
Sputter Coater (Quorum Technologies; Ashford, Kent, UK) using a gold-palladium target from 
Electron Microscopy Sciences (EMS; Hatfield, PA, USA) prior to imaging.  
 
Figure 3. 5. FEI Nova Nanolab 600 FIB/SEM microscope. 
 
3.4.5 Brunauer-Emmet and Teller surface area measurement 
A Micromeritics Tristar Surface area and Porosity analyser was used, to determine the surface 
areas and porosities of the materials. Sample with mass of 0.2 g was degassed in nitrogen at 
150 °C for 4 hrs prior to analysis using a Micromeritics flow Prep 060, sample degas system.  
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Figure 3. 6. Micromeritics Tristar Surface area and Porosity analyser. 
 
3.4.6 Thermogravimetric analyses  
A Perkin Elmer STA 4000 Simultaneous Thermal Analyser was used for thermal analysis of 
all samples in air Technical (99.9%) and nitrogen Baseline 5.0 (99.9%), at a constant heating 
rate of 10 ˚C/min in the temperature range of 30 - 900 ˚C. An approximate sample mass of 10 
mg was used for the analysis with 20 mL/min flow rate of air.  
 
Figure 3. 7. Perkin Elmer STA 4000 Simultaneous Thermal Analyser. 
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Chapter 4: Morphogenesis and polymorphism of calcium 
carbonate in binary polar aprotic-protic solvent mixtures 
 
4.1 Introduction   
 
Crystallisation behaviour of CaCO3 has been one of the most widely studied biomineralisation 
processes[1]–[18]. This is due to the vast abundance of CaCO3 as a biomineral in nature, its 
peculiar biomineralisation behavior in biological systems such as nacre shells,[19], [20] and 
coccolith spheres,[21], [22]  its industrial relevance (e.g. as a filler for paint and paper),[23] 
and its crystallisation in water which results in lime scaling in water pipes[24], [25]. The precise 
control of the biomineralisation of CaCO3 by living organisms has inspired numerous in vitro 
biomimetic crystallisations of intricate structures of CaCO3 for various potential applications: 
additives in composites, catalyst supports or biomedical implants[26]–[28]. Understanding the 
conditions affecting the morphogenesis and polymorphism of CaCO3 could provide important 
insights into its crystal growth mechanisms under various reaction conditions.  
Anhydrous CaCO3 exists in three different polymorphs (in order of increasing stability): 
vaterite, aragonite, and calcite[29]. These polymorphs can exist or co-exist under different 
conditions during the precipitation of CaCO3 in natural water, where the effect of temperature 
on polymorphism has been the most studied.[30] For instance, it has been reported that calcite 
and vaterite co-exist at temperatures between 10-30 °C. All three polymorphs co-exist at 
intermediate temperatures between 40-50 °C. Aragonite and calcite co-exist at temperatures 
above 60 °C[31].  
Reports on the use of mixtures of ethanol and water,[32] as well as dimethylformamide (DMF) 
and water,[33] to influence the polymorphism of CaCO3 have been documented. There have 
been insufficient research reports on the effect that mixtures of polar aprotic and polar protic 
solvents have on controlling the morphology and polymorphism of precipitated CaCO3 (PCC). 
Herein a detailed study is reported on the effect of using of a series of binary mixture ratios, 
comprising of polar aprotic (dimethylformamide (DMF) and dimethyl sulfoxide (DMSO)) and 
polar protic (methanol, ethanol, isopropanol, and 2-butanol) solvents which contained 10 % 
polyethylene glycol (PEG) 200 Mw as a crystal modifier, on the morphogenesis and 
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polymorphism of CaCO3. Time-resolved ex situ PXRD and SEM studies allowed an analysis 
of the mechanism of nucleation and crystal growth. 
 
4.2 Experimental 
 
4.2.1 Materials 
All chemicals were of analytical grade. Calcium chloride, ammonium carbonate, polyethylene 
glycol (Mw 200), methanol (CP), ethanol (CP), isopropanol (AR) were purchased from Sigma-
Aldrich. 2-Butanol (98 %) and sodium hydroxide pellets were purchased from Merck (Pty) Ltd 
South Africa. The ammonia solution of 25 %, hydrochloric acid (HCl) of 32 %, dimethyl 
sulfoxide (CP) (DMSO), and dimethylformamide (CP) (DMF) were all purchased from ACE 
associated chemical enterprises. All chemicals were used without any further purification.  
4.2.2 Crystallisation of Calcium Carbonate 
Crystallisation reactions were carried out in a 250 mL round bottom flask kept at 30 °C in an 
oil bath. In a typical reaction, 10% of a polyethylene glycol (Mw 200) solution was prepared 
in a polar aprotic and polar protic solvent, in mixture ratios of: 5:0, 5:1, 5:2, 5:3, 5:4, 5:5, and 
0:5. The pH of the resulting mixtures was adjusted to 9.6 with aqueous NaOH. The polar protic 
solvents used were: methanol, ethanol, isopropanol, and 2-butanol. The polar aprotic solvents 
used were: DMSO and DMF.  To each of these mixtures, 50 mL of a 5 mmol CaCl2 aqueous 
solution (adjusted to pH 8.5, using an aqueous NH3 solution) was added dropwise under gentle 
stirring at 30 °C. The reaction mixtures were allowed to stir for an hour and then 50 mL of a 5 
mmol (NH4)2CO3 aqueous solution (adjusted to pH 10 with an aqueous HCl solution) was 
added dropwise under gentle stirring. These reaction solutions were kept at 30 °C for 24 hrs 
under gentle stirring. The crystallised CaCO3 precipitates were collected by centrifuge and then 
washed several times with deionized water. Finally they were washed with ethanol and left to 
dry overnight at room temperature.  
Time-resolved experiments were performed in the same way as above in polar protic 
(isopropanol) and polar aprotic (DMSO) pure solvents. Aliquots were drawn from the bulk 
reaction mixture at time intervals of: 5, 10, 15, 30, 60, 180 min, and lastly 24 hrs. These were 
centrifuged and then washed several times with deionized water. Finally they were washed 
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with ethanol and left to dry overnight at room temperature, and characterised by PXRD and 
SEM. 
4.2.3 Characterisation  
The as-synthesized products were characterised by PXRD, SEM, and laser Raman 
spectroscopy as described in Chapter 3, sections from 3.4.2 to 3.4.4. 
 
4.3 Results and Discussion  
 
Initially each of the polar protic solvents (i.e. methanol, ethanol, isopropanol, or 2-butanol) was 
examined, under the previously mentioned conditions, to establish the types of PCC 
polymorphs that were formed. PXRD analyses (Figure 4.1) revealed that in all cases, mixtures 
of vaterite (v) and calcite (c) were present, with vaterite (v) as the predominant polymorph. 
Peaks denoted “C” were indexed according to the crystallographic data published by Markgraf 
et al.[34] (ICSD 040107)), and peaks denoted “V” were indexed according to the 
crystallographic data published by Kamhi[35] (ICSD 015879). 
 
Figure 4. 1. PXRD patterns of the PCC products synthesized in alcohols of different 
molecular weight in the presence of 10% PEG (200 Mw) as a crystal modifier. 
 49 
 
Figures 4.2 (a)-(d) below, show the laser Raman spectra of the calcite (a) and vaterite (c) 
polymorphs of the PCC and their optical images ((b) & (c), respectively) from which the spectra 
were acquired. Raman shifts of calcium carbonate polymorphs showed two main regions: the 
lattice modes which were in the region below 400 cm-1 comprised of Raman shifts from the 
translational and rotational motions of the complete unit cell, and the internal modes which 
were in the region above 400 cm-1 comprising of motions from the main molecular carbonate 
groups[36]–[38]. Calcite’s internal modes (Figure 4.2 (a)) exhibited a characteristic intense 
sharp peak at 1085 cm-1 due to the symmetric stretching of the carbonate ions, and a weak 
Raman shift around 711 cm-1 due to the in-plane bending of the carbonate ions[36]–[38]. 
Lattice modes in calcite (Figure 4.2 (a)) showed two distinct Raman shifts around 156 and 285 
cm-1 due to the motions comprising of the complete unit cell[36]–[38]. 
The Raman shifts of vaterite (Figure 4.2 (c)) gave characteristic split peaks in both the lattice 
modes and internal modes. The internal modes comprised of the most intense peak, which was 
a doublet, with Raman shifts at 1075 and 1090 cm-1 due to the symmetric stretching of the 
carbonate ions,[37] and a weak CO3
2- in-plane bending shift[37] which was also a doublet at 
740 and 750 cm-1. Lattice modes of vaterite gave broad split peaks, with the most intense ones 
being a doublet around 106 and 120 cm-1, and another doublet around 269 and  301 cm-1[36], 
[37].  
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Figure 4. 2. Laser Raman spectra of the two polymorphs of calcium carbonate and their 
optical microscope images from which the spectra were acquired. (a) Calcite, (b) Image of 
calcite, (c) Vaterite, and (d) Image of vaterite. 
 
Calcium carbonate is composed of isolated CO3
2- species which have a disordered point 
symmetry from their original “free carbonate ion” point symmetry due to the interaction of the 
CO3
2- ions with the mineral lattice[37]. Laser Raman active vibrational modes of calcium 
carbonate are dependent on the main carbonate groups, however the level of disordering of the 
CO3
2- ions’ point symmetry was different in all the polymorphs of calcium carbonate due to 
the difference in their crystal structures[36]. Hence differences in the lattice modes and internal 
modes between calcite (Figure 4.2 (a)) and vaterite (Figure 4.2 (c)) were observed. 
SEM micrographs of the PCC products that were synthesized from alcohols of different 
molecular weight, in the presence of 10% PEG (200 Mw), are shown in Figure 4.3. Based upon 
these analyses it was observed that methanol produced spherical particles that were 
predominantly composed of vaterite (Figure 4.3 (a)). However, as the molecular weight of each 
alcohol used increased i.e. from methanol to ethanol, a morphological change of these spheres 
into ellipsoid-type particles occurred (Figure 4.3 (b)). These ellipsoid-type of particles were 
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believed to have ultimately fused together into “flower-like” shaped vaterite particles (also 
shown in Figure 4.4 (a)) when they were crystallised in isopropanol (Figure 4.3 (c)), or 2-
butanol as the main solvent (Figure 4.3 (d)).  
 
 
Figure 4. 3. SEM micrographs of the PCC products formed in: (a) Methanol, (b) Ethanol,         
(c) Isopropanol, and (d) 2-butanol. Inserts show the presence of calcite (confirmed from 
optical microscopy images in Figure 4.2 above) crystals in the samples. 
 
It was also interesting to note that the crystal form (vaterite polymorph) was retained 
throughout all the different morphologies of the PCC crystallised in all the different alcohols. 
This observation implied that these alcohols had sufficient surface binding energies required 
to kinetically stabilise the meta-stable vaterite polymorph, while different enough to have 
induced different morphologies during crystal growth. The vaterite morphologies that were 
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observed differed significantly from the inherent hexagonal (P63/mmc) symmetry,[39], [35] of 
the vaterite unit cell.  
 
 
Figure 4. 4. SEM micrographs of: (a) “Flower” shaped vaterite particle formed from the 
fusion of the individual vaterite ellipsoids; (b) Broken hollow vaterite ellipsoid. 
 
Morphological examination of the broken vaterite ellipsoids by scanning electron microscopy 
(Figure 4.4 (b)) showed that the PCC vaterite ellipsoids had a hollow structure. This was mostly 
likely because during crystal growth, vaterite nucleated from amorphous calcium carbonate 
(ACC) whose free energy was higher than that of vaterite, which would have led to its 
instability and subsequent dissolution, hence the hollow core[40], [6]. This dissolution-
reprecipitation mechanism is explained later in the discussion by ex situ measurements. 
A variation of the polar aprotic and polar protic binary solvent system ratio was used to 
manipulate the polymorphic distribution of the precipitated calcium carbonate (PCC), shown 
in Figure 4.5. Figure 4.5 (a)-(d) are the PXRD patterns showing the polymorph distributions 
(peaks denoted “C” in the calcite patterns and indexed according to the crystallographic data 
published by Markgraf et al[34]. (ICSD 040107)), to vaterite (denoted “V” in peak patterns 
and indexed according to the crystallographic data published by Kamhi[35] (ICSD 015879)) 
as a function of increasing alcohol solvent ratio.  
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Figure 4. 5. PXRD patterns showing the polymorphism of the PCC as a function of the binary 
solvent ratio. (a) Ratios of DMF to methanol, (b) Ratios of DMF to ethanol, (c) Ratios of 
DMF to isopropanol, and (d) Ratios of DMF to 2-butanol. 
 
It was observed from the PXRD patterns that as the ratio of the polar protic solvent relative to 
the polar aprotic solvent within the bulk crystallizing solvent medium increased, the 
polymorphism of the PCC predominantly (the most intense (104) peak of calcite was still 
observed in all of the PXRD patterns) favored the of the formation of vaterite. This was due to 
the kinetic inhibition effect of the presence of the polar protic solvent on the nucleating calcite 
polymorph, by inhibiting the dissolution of vaterite and crystallisation of aragonite and 
calcite[41], [42].  
The interesting thing to note in the PXRD data was that the polymorphic composition across 
the different solvent ratios varied with the molecular weight of the polar protic solvent present 
in the binary solvent system.  For instance, 2-butanol gave a higher selectivity towards the 
formation of vaterite (Figure 4.5 (d)). Unlike other solvent ratio combinations, vaterite 
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diffraction peaks were observed from 5:3 DMF to 2-butanol solvent ratio combination up until 
5:5 DMF to 2-butanol ratio. A similar trend was also observed for DMSO to 2-butanol solvent 
ratios (see Figure 4.6 below).  
 
Figure 4. 6. PXRD patterns showing the polymorphism of the PCC as a function of the binary 
solvent ratio. (a) Ratios of DMSO to methanol, (b) Ratios of DMSO to ethanol, (c) Ratios of 
DMSO to isopropanol, and (d) Ratios of DMSO to 2-butanol. 
 
To get a clear sense of the polymorphic distributions, a PXRD standard calibration (Figure 4.7) 
curve was constructed using known mixtures of the pure polymorphs (vaterite and calcite) in 
terms of mass percentage. Ratios of the peak areas of the most intense peaks ((104) of calcite, 
and (101) of vaterite) were used to construct the calibration curve, from which the estimated 
percentages of the polymorphic distribution in each sample were obtained.  
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Figure 4. 7. Standard calibration curve of the ratio of vaterite to calcite peak areas versus 
(mass) percentage of vaterite. 
 
The results of the phase quantification are summarized in Table 4.1. For each case (for DMF 
and DMSO ratio combinations), the amount of vaterite within the PCC was found to be higher 
at high polar protic solvent ratios within the crystallising bulk solvent. However, calcite was 
still dominant in most of the PCC, and present in all the PCC samples that were examined by 
PXRD. This was not a surprising observation because calcite is indeed the most 
thermodynamically stable polymorph of CaCO3, and therefore the presence of a polar protic 
solvent did not totally kinetically inhibit its nucleation (explained by kinetic time-resolved 
studies later in the discussion). In fact calcite was predominantly favoured by polar aprotic 
solvents (DMF and DMSO). However the results presented demonstrate a unique way to 
manipulate the polymorphic distribution during the crystallisation of calcium carbonate - a 
phenomenon that is well perfected in the biomineralisation of shells in biological species[21].  
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Table 4. 1. Polymorph distributions in the PCC, as a function of solvent ratio. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*undetectable 
1ST RATIOS 2ND RATIOS 
Sample ratios % 
Vaterite 
% 
Calcite 
Sample ratios % 
Vaterite 
% 
Calcite 
DMF:methanol  DMSO:methanol  
0:5 >90 <10 0:5 >90 <10 
5:5  36 64 5:5  38 62 
5:4  *- 100 5:4  10 90 
5:3  - 100 5:3  - 100 
5:2  - 100 5:2  - 100 
5:1  - 100 5:1  - 100 
5:0 - 100 5:0 - 100 
DMF:ethanol  DMSO:ethanol  
0:5 >90 <10 0:5 >90 <10 
5:5  41 59 5:5  >90 <10 
5:4  - 100 5:4  85 15 
5:3  - 100 5:3  - 100 
5:2  - 100 5:2  - 100 
5:1  - 100 5:1  - 100 
DMF:isopropanol  DMSO:isopropanol  
0:5 72 28 0:5 72 28 
5:5  - 100 5:5  17 83 
5:4  - 100 5:4  - 100 
5:3  - 100 5:3  - 100 
5:2  - 100 5:2  - 100 
5:1  - 100 5:1  - 100 
DMF:2-butanol  DMSO:2-butanol  
0:5 85 15 0:5 85 15 
5:5  >90 <10 5:5  >90 <10 
5:4  86 14 5:4  >90 <10 
5:3  - 100 5:3  74 26 
5:2  - 100 5:2  - 100 
5:1  - 100 5:1  - 100 
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Time-resolved studies were then performed in order to gain deeper insights into the kinetics, 
mechanism of nucleation and phase transformation over time under polar protic and polar 
aprotic pure solvents. The time-resolved powder diffraction data collected ex situ is presented 
in Figure 4.8. When DMSO was used as a crystallising solvent (Figure 4.8 (a), corresponding 
to the SEM micrographs labelled (g)-(j) in Figure 4.9), the initial PCC collected after 5 min of 
crystallisation time comprised mostly of amorphous CaCO3 (ACC), and also exhibited poorly 
crystalline calcite reflections, the most pronounced being the (104) peak around 34˚ 2θ. The 
crystals showed poorly defined rhombohedral morphology of calcite (Figure 4.9 (f)). The 
vaterite diffraction peaks on the other hand could hardly be identified, the same was observed 
on Figure 4.9 (f) by SEM. This suggested that the nucleation and transformation of ACC into 
crystalline phases was very fast and probably occurred upon mixing the precursor 
solutions[42]. Poorly crystalline vaterite diffraction peaks became pronounced 10 min after 
mixing the precursor solutions due to the dissolution of ACC and re-precipitation into vaterite.  
The PCC crystals exhibited regular rhombohedral morphology which resembled calcite, and 
the spherical-type crystals resembled vaterite (Figure 4.9 (g)). Both phases were seen to be 
properly crystalline after 30 min (Figure 4.9 (h)), with the vaterite diffraction peaks being at 
their maximum intensity relative to the calcite diffraction peaks.   
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Figure 4. 8. Time-resolved ex-situ PXRD patterns showing the kinetics, mechanism of 
nucleation and phase transformation of the PCC under polar aprotic solvent and polar protic 
solvent: (a) DMSO, (b) Isopropanol. 
 
A decrease in the relative intensity of the vaterite diffraction peaks in the PCC collected after 
an hour was observed, this was due to the dissolution of vaterite and its transformation into 
calcite via re-precipitation, alluding to the fact that DMSO could not kinetically inhibit the 
nucleation and growth of calcite by stabilising vaterite. This dissolution was reflected in Figure 
4.9 (j) by the decrease in the relative number of vaterite crystals. Calcite became the preferred 
polymorph, with good crystallinity, in the PCC until 24 hrs. This time-resolved ex situ PXRD 
study showed that phase transformation under a polar aprotic solvent occurs within 3 hrs of 
mixing the precursor solutions.  
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Figure 4. 9. Time-resolved SEM micrographs showing the kinetics, mechanism of nucleation 
and phase transformation of the PCC under a polar aprotic solvent and a polar protic solvent: 
(a)-(e) Isopropanol; at 5, 15, 30 min, 1, and 3 hrs, respectively. (f)-(j) DMSO; at 5, 15, 30 
min, 1, and 3 hrs, respectively. 
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When the crystallising solvent was changed to a polar protic solvent (Figure 4.8 (b)), i.e. 
isopropanol, the initial PCC collected after 5 min showed that the PCC was amorphous, with 
poorly crystalline vaterite diffraction peaks as the main polymorph, and a small (104) peak of 
calcite around 34˚ 2θ. This suggested that the nucleation and transformation of ACC into 
vaterite was also very fast, however unlike DMSO, isopropanol could kinetically inhibit the 
dissolution of vaterite and its transformation into calcite 5 min after mixing the precursor 
solutions. The morphology of the PCC was “flower-like” crystals which were attributed to 
vaterite, and some cuboids resembling the rhombohedral morphology of calcite (Figure 4.9 
(a)). The vaterite crystallinity increased with crystallisation time (from 15 min to 1 hr), as seen 
in Figures 4.9 (b)-(d). There was also an increase in the relative intensity of the (104) diffraction 
peak of calcite with increase in crystallisation time (Figure 4.8 (b)).  
The PCC collected after 3 hrs showed a significant decrease in the relative intensities of the 
vaterite diffraction peaks due to the slow dissolution of vaterite and its transformation into 
calcite, but the vaterite crystals were still observed regardless ((Figure 4.9 (d)). Isopropanol 
proved to be fairly able to kinetically stabilize vaterite better than DMSO by inhibiting its 
dissolution and transformation into calcite, resulting in a mixture of phases at the end of       24 
hrs of crystallisation time (Figure 4.8 (b), (6)), unlike the pure calcite phase in the case of 
DMSO (Figure 4.8 (a), (6)). Both these ex situ studies showed a nucleation and growth 
mechanism of CaCO3 via the Ostwald-Lussac law of phases,[40], [41] which were kinetically 
controlled in different ways by using either a polar aprotic or polar protic solvent.  
Changing the crystallising solvent ratio (DMF to methanol or DMSO to methanol) of polar 
aprotic solvent to polar protic solvent  resulted in a morphological change in the crystallites of 
calcite initially, followed by the formation of spherical vaterite crystals with increase in the 
polar protic solvent content within the crystallising solvent mixture (as seen in Figure 4.10). It 
was observed that polar aprotic solvent(s), in this case DMF, favoured the precipitation of 
calcite rhombohedral cubes (Figure 4.10 (a)). As the ratio of methanol (one of the selected 
polar protic solvent) was increased from 5:0 to 5:4 (Figure 4.10 (b)-(e)) topographical defects 
in the morphology of the calcite “blocks” were observed.  
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Figure 4. 10. SEM micrographs showing the effect of the solvent ratio of DMF and methanol 
on the morphology of the PCC. (a) Pure DMF, (b) 5:1 of DMF to methanol, (c) 5:2 of DMF 
to methanol, (d) 5:3 of DMF to methanol, (e) 5:4 of DMF to methanol, and (f) 5:5 of DMF to 
methanol. Crystallites of calcite were present in (a)-(e), while vaterite and calcite (PXRD 
proved calcite was also present) were present in (f). 
 
These were attributed to the interactions of the added PEG crystal modifier and the solvent 
molecules with the calcite step edges or crystal facets at different degrees of solute-solvent 
binding, and this could either inhibit or kinetically promote crystal growth on specific crystal 
habit planes of the calcite crystals[33], [43]. However, a 5:5 ratio of DMF to methanol (Figure 
4.10 (f)) resulted in the crystallisation of vaterite spheres due to the kinetic effects of methanol 
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in the binary solvent. Similar trends were observed with DMSO to methanol solvent (Figure 
4.11). 
 
Figure 4. 11. SEM micrographs showing the effect of the solvent ratio of DMSO and 
methanol on the morphology of the PCC. (a) Pure DMSO, (b) 5:1 of DMSO to methanol,    
(c) 5:2 of DMSO to methanol, (d) 5:3 of DMSO to methanol, (e) 5:4 of DMSO to methanol, 
and (f) 5:5 of DMSO to methanol. Crystallites of calcite were present in (a)-(c), while 
mixtures of vaterite and calcite were present in (e)-(f). 
 
DMF and ethanol mixture ratios gave a much similar trend to that of DMF and methanol 
(Figure 4.12 (a)-(f)). Figure 4.12 (a) shows the normal rhombohedral morphology of calcite 
bulk crystals precipitated in pure DMF, and the same was observed for crystals grown in a 5:1 
ratio of DMF to ethanol (Figure 4.12 (b)). However there were some morphological defects in 
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calcite bulk crystals with increasing ethanol content (Figure 4.12 (c)-(d)). There seemed to be 
a fusion of the calcite crystals during growth, resulting in a stepped block-like morphology. In 
the case of DMSO to ethanol solvent mixture ratios (Figure 4.13), it is interesting to note that 
vaterite crystals were observed at a lower ratio (5:4) of ethanol in the solvent mixture. However, 
the morphological and polymorphic manipulation trend was still similar. 
 
 
Figure 4. 12. SEM micrographs showing the effect of the solvent ratio of DMF and ethanol 
on the morphology of the PCC. (a) Pure DMF, (b) 5:1 of DMF to ethanol, (c) 5:2 of DMF to 
ethanol, (d) 5:3 of DMF to ethanol, (e) 5:4 of DMF to ethanol, and (f) 5:5 of DMF to ethanol. 
Crystallites of calcite are present in (a)-(e), while crystallites of vaterite were present in (f). 
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Figure 4. 13. SEM micrographs showing the effect of the solvent ratio between DMSO and 
ethanol on the morphology of the PCC. (a) Pure DMSO, (b) 5:1 of DMSO to ethanol, (c) 5:2 
of DMSO to ethanol, (d) 5:3 of DMSO to ethanol, (e) 5:4 of DMSO to ethanol, and (f) 5:5 of 
DMSO to ethanol. Crystallites of calcite were present in (a)-(c), while crystallites of vaterite 
were present in (e)-(f). 
 
The solvent mixtures of ratios of DMF to isopropanol (Figure 4.14), and DMF to 2-butanol 
(Figure 4.16), showed a very interesting trend which was different from methanol and ethanol. 
A slight selectivity towards the crystallisation of vaterite in the lower alcohol ratios was 
observed. In Figure 4.14, vaterite crystals can be seen in the ratio from 5:4 of DMF to 
isopropanol (Figure 4.14 (e)), and in Figure 4.16, vaterite crystals were observed in the ratio 
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from 5:2 of DMF to 2-butanol (Figure 4.16 (c)). It was also observed that the increase in the 
alcohol ratio (Figure 4.14 and 4.16) caused morphological defects in the calcite crystals, from 
the original calcite cubes that were precipitated in pure DMF (Figure 4.14 (a)) to elongated 
rectangular-type cubes (Figures 4.14 (f) and 4.16 (c)-(e)). Similar trends were observed in all 
the solvent mixtures with DMSO used as the polar aprotic solvent (as shown in Figures 4.15 
and 4.17). 
 
 
Figure 4. 14. SEM micrographs showing the effect of the solvent ratio of DMF and 
isopropanol on the morphology of the PCC. (a) Pure DMF, (b) 5:1 of DMF to isopropanol, 
(c) 5:2 of DMF to isopropanol, (d) 5:3 of DMF to isopropanol, (e) 5:4 of DMF to 
isopropanol, and (f) 5:5 of DMF to isopropanol. Crystallites of calcite were present in (a)-(d), 
and mixtures of calcite and vaterite were present in (e)-(f). 
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Figure 4. 15. SEM micrographs showing the effect of the solvent ratio of DMSO and 
isopropanol on the morphology of the PCC. (a) Pure DMSO, (b) 5:1 of DMSO to 
isopropanol, (c) 5:2 of DMSO to isopropanol, (d) 5:3 of DMSO to isopropanol, (e) 5:4 of 
DMSO to isopropanol, and (f) 5:5 of DMSO to isopropanol. Crystallites of calcite were 
present in (a)-(c), and mixtures of calcite and vaterite were present in (d)-(f). 
 
 
 67 
 
Figure 4. 16. SEM micrographs showing the effects of solvent ratio of DMF and 2-butanol on 
the morphology of the PCC. (a) Pure DMF, (b) 5:1 of DMF to 2-butanol, (c) 5:2 of DMF to 
2-butanol, (d) 5:3 of DMF to 2-butanol, (e) 5:4 of DMF to 2-butanol, and (f) 5:5 of DMF to 
2-butanol. Crystallites of calcite were present in (a)-(b), while mixtures of vaterite and calcite 
were present in (c)-(f). 
 
This deviation from the thermodynamically predicted crystal habit was as a result of  kinetically 
controlled crystal growth by the face-specific crystal surface binding effect of the alcohol and 
the PEG crystal modifier in the crystallising media[44]–[46]. The extent of interfacial binding 
energy strength between the specific nucleating crystal plane and specific solvent molecule, 
with matching crystallochemical properties, reduced the free energy and thus  favoured 
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nucleation on that crystal plane[40], which led to elongation of the crystal shape as observed 
in the above calcite morphologies. With this being said, when looking at the main difference 
in the chemical natures (structures) of the polar and aprotic solvents, the presence of the –OH 
group, the polar protic solvents played an important role in increasing the surface binding of 
the growing vaterite crystals. This effect slowed down the rate of growth and hence kinetically 
stabilised the vaterite polymorph. This effect was observed in the ex situ PXRD studies. 
 
Figure 4. 17. SEM micrographs showing the effect of the solvent ratio of DMSO and 2-
butanol on the morphology of the PCC. (a) Pure DMSO, (b) 5:1 of DMSO to 2-butanol, (c) 
5:2 of DMSO to 2-butanol, (d) 5:3 of DMSO to 2-butanol, (e) 5:4 of DMSO to 2-butanol, and 
(f) 5:5 of DMSO to 2-butanol. Crystallites of calcite were present in (a)-(b), while mixtures 
of vaterite and calcite were present in (c)-(f). 
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4.4 Conclusions 
 
This work demonstrated that the morphology and polymorphic composition of PCC could be 
manipulated by the use of a binary solvent system consisting of different ratios of polar protic 
and polar aprotic solvents with PEG. An increase in the ratio of the polar protic solvent 
(methanol, ethanol, isopropanol, and 2-butanol) relative to the polar aprotic solvent (DMF and 
DMSO) within the binary solvent mixture favoured the formation of hollow spherical vaterite 
particles. An increase in the ratio of polar aprotic solvent (DMF and DMSO) within the binary 
solvent mixture favoured the precipitation of rhombohedral calcite crystals. Time-resolved ex 
situ PXRD and SEM measurements revealed that the nucleation and phase transformation of 
the PCC under polar protic and aprotic solvents followed the dissolution-reprecipitation 
mechanism. Here the major phase transformation occurred within 3 hrs of mixing the precursor 
solutions. Isopropanol, a polar protic solvent favoured the nucleation of vaterite at initial stages 
(5 min after mixing the precursor solutions), and DMSO a polar aprotic solvent favoured the 
nucleation of calcite. This work contributes scientific understanding of the controlled 
polymorphism, crystal growth, and design of inorganic crystals within the field of 
biomineralisation. This knowledge may be used to tailor novel organic-inorganic composites 
and novel shapes with potential applications in materials science. 
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Chapter 5: Crystal Tectonics - Temperature induced self-
assembly of PSSA-stabilized vaterite nanocrystals into 
hierarchical spheres 
 
5.1 Introduction 
 
Crystal tectonics is the directed or spontaneous self-assembly of preformed nanocrystals into 
higher-order structures of complex form and superior properties[1]–[3]. Underpinned by the 
briskly evolving field of nanoscience and nanotechnology, in vitro directed-assembly of 
nanoparticles into hierarchal superstructures (that retain the size-dependent properties of the 
nanoscale building blocks), has been suggested to be one of the most effective bottom-up 
synthetic methods towards advanced functional materials[4]–[7]. Such materials have received 
immense application in various scientific fields such as: “smart” drugs (pharmaceuticals),[8]–
[10] bone regeneration,[11] thin films[12], and catalysis[13], [14].  
Manipulating the crystal growth through polyelectrolyte-directed particle attachment towards 
desired intricate morphologies and size is often a challenging task[15], [16]. Such sophisticated 
tectonic ability and complexity is reflected quite well in biominerals of natural organisms[17]–
[19]. This has driven most of the research output into the biomimetic self-assembly of inorganic 
crystals (mostly for calcium carbonate), leading to the discovery of mesocrystals by Cölfen 
[20]. These mesocrystals are grown by polymer-directed assembly of preformed nanocrystals 
into highly ordered structures, through face-specific interactions of the organic polymer 
moieties and the growing crystal facets, analogous to those that grow during the 
biomineralisation process. Here crystal proliferation doesn’t proceed by classical ion-by-ion 
attachment but by assembly of nucleated nanocrystals, resulting in bulk crystals which are 
highly ordered with occluded organic macromolecules within their structure, and morphologies 
which do not resemble the symmetry of the unit cell[21]–[23].  
 Crystallisation by orientated particle attachment (CPA) reactions are often carried out at 
isothermal conditions close to room temperature, over lengthy periods of time[24], [25]. Here 
self-assembly and crystal proliferation is very sensitive to the local environment, such that: 
temperature, stirring rate, polymer concentration, polymer molecular weight, saturation and 
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time all affect the kinetics and  thermodynamics of the process, leading to selective 
morphogenesis and polymorphism[25], [26].  
In this chapter, crystal tectonics based upon the temperature induced poly (4-styrenesulfonic 
acid) (PSSA)-directed assembly of PSSA-stabilized vaterite crystals into hierarchically 
structured spheres, is described.  The ability to stabilize the metastable polymorph of CaCO3 
under atmospheric pressure and at a wide range of crystallisation temperatures: 30, 40, 75, and 
100 ˚C using PSSA was investigated. The influence of crystallisation time on the particle 
attachment pathway was investigated.   
 
5.2 Experimental 
 
5.2.1 Materials 
All chemicals were of analytical grade. Calcium chloride, ammonium carbonate, poly (4-
styrenesulfonic acid) Mw ~75,000, 18 wt. % in H2O, were purchased from Sigma-Aldrich. 
Sodium hydroxide pellets were purchased from Merck (Pty) Ltd South Africa. The 25% 
(weight %) ammonia solution, hydrochloric acid (HCl) 32 % (weight %) were obtained from 
Associated Chemical Enterprises (Pty) Ltd. All chemicals were used without any further 
purification.  
5.2.2 Self-assembly crystallisation reactions 
Each crystallisation reaction was carried out in a 250 mL round bottom flask in an oil bath that 
was maintained at one of four different reaction temperatures: 30 °C, 40 °C, 75 °C, and 100 
°C. Typically, 3% of poly (4-styrenesulfonic acid) aqueous solution (100 ml) was prepared 
with distilled water, and the pH of the resulting mixture was adjusted to pH 10 with aqueous 
sodium hydroxide solution (2 M). To this mixture, 50 mL (i.e. 5 mmol) of a 0.100 M CaCl2 
aqueous solution, prepared with distilled water (adjusted to pH 9 using an aqueous NH3 
solution), was added drop-wise under gentle stirring at each of the four desired temperatures. 
The reaction mixtures were left to stir for an hour and then 50 mL of (i.e. 5 mmol) of a 0.100 
M (NH4)2CO3 aqueous solution (prepared with distilled water), was added drop-wise to each 
mixture under gentle stirring. These reaction mixtures were kept at each of the four desired 
temperatures under gentle stirring for four different reaction durations: 3, 6, 12, and 24 hrs. The 
precipitated products were centrifuged, washed with distilled water several times and then left 
to dry overnight at room temperature.  
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5.2.3 Characterisation 
Characterisation of all samples was performed as described in Chapter 3 (section 3.4), except 
for those analysed by focused ion beam - scanning electron microscopy (FIB-SEM). FIB-SEM 
micrographs were obtained using a FEI Nova Nanolab 600 FIB-SEM microscope at an applied 
voltage of 30 kV, using a secondary electron (SE) detector. The FIB beam settings were 2.8 n 
at 30 kV (beam at 90 ˚ incident angle), and cuts were performed using consecutive rectangle 
patterning until the sample was cut through as desired. For the SEM imaging, samples were 
mounted on a double sided carbon tape (SPI Supplies, West Chester, PA, USA) which was 
mounted on 35 mm aluminium stubs (SPI Supplies, West Chester, PA, USA). The mounted 
samples were then sputter coated with a 5 nm carbon layer deposited by an Emitech 950x 
Carbon Vacuum Evaporator (Quorum Technologies; Ashford, Kent, UK), and a 5 nm gold-
palladium layer deposited by an Emitech 550x Sputter Coater (Quorum Technologies; Ashford, 
Kent, UK) using a gold-palladium target from Electron Microscopy Sciences (EMS; Hatfield, 
PA, USA) prior to imaging.  
 
5.3 Results and Discussion 
 
The polymorphs of the precipitated calcium carbonate powders at different reaction times (3, 
6, 12, and 24 hrs) and temperatures (30, 40, 75, and 100 ˚ C) were determined by PXRD (shown 
in Figure 5.1 (a)-(d)). In all cases the precipitated calcium carbonate powders were found to be 
pure vaterite (ICSD 015879), which is quite interesting because one would have expected the 
formation of calcite at lower temperatures (< 30 ˚C), a mixture of all three polymorphs at 
intermediate temperatures (35-55 ˚C), and a formation of aragonite at higher temperatures (> 
60 ˚C), as previously reported[27].  
However, here the presence of PSSA affected the interplay between the kinetics and 
thermodynamics during proliferation and self-assembly of the vaterite crystals. This was 
believed to have taken place by modification of the free energy landscape through surface 
interaction between the PSSA and the crystal facets - a kinetic inhibition phenomenon[5]. This 
PSSA kinetic control was observed most clearly from the ex situ PXRD data for the 
crystallisation time studies (Figure 5.1 (a)-(d)). Consequently only the pure vaterite polymorph 
was observed at temperatures where other polymorphs would otherwise have been 
expected[27].  
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Figure 5. 1. PXRD diffractograms showing the ability of PSSA to stabilize the vaterite 
polymorph across different reaction temperatures and times, i.e. at: (a) 3 hrs, (b) 6 hrs, (c) 12 
hrs, and (d) 24 hrs. Indexed according to ICSD 015879. 
 
Similarly no change in the polymorph of the precipitated calcium carbonate throughout the 
different reaction times i.e. from 3 hrs to 24 hrs (Figure 5.1 (a)-(d)) was observed, not even the 
reflection of the most intense (104) calcite peak. Conversely, in the absence of any additives 
Rodriguez-Blanco et al. have shown that the transformation of vaterite to calcite was time 
dependent, with the first reflection of the calcite (104) peak appearing in just over 5 hrs of 
crystallisation, through the dissolution and reprecipitation mechanism[28]. In their study it was 
also shown that the rate of this transformation (i.e. vaterite to calcite) was controlled by the 
surface area of calcite. The observations of this present study support the argument that PSSA 
had a kinetic inhibition effect on the activation-energy barrier of the phase transformation from 
vaterite to calcite. 
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A schematic of the influence of temperature in the self-assembly of pre-formed vaterite crystals 
is shown in Figure 5.2.  
 
Figure 5. 2. Schematic of the effect of temperature on the self-assembly of vaterite crystals: 
systematic morphogenesis. 
 
In addition to its kinetic inhibition effect, resulting in the stabilisation of the vaterite 
polymorph, organic macromolecules such as PSSA have been reported to induce assembly of 
nanocrystalline particles into highly ordered bulk crystals of intricate morphologies[24]. The 
size and shape of these bulk crystals and the particles from which they were formed were 
dependent of the conditions under which  growth took place[7].  
The effect of the various reaction temperatures, on the morphology of the bulk self-assembled 
vaterite crystals, was investigated by SEM at 3 hrs into the crystallisation process (Figure 5.3).  
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Figure 5. 3. SEM micrographs showing the effect of reaction temperature on the morphology 
of the bulk self-assembled vaterite crystals precipitated at 3 hrs into the crystallisation 
process at: (a) 30 ˚C, (b) 40 ˚C, (c) 75 ˚C, (d) 100 ˚C. 
 
Here it was observed that at a crystallisation temperature of 30 ˚C (Figure 5.3 (a)) the 
attachment of the vaterite particles favoured a spherical bulk crystal morphology which had a 
relatively smooth topography. However, as the crystallisation temperature was increased to 40, 
75, and 100 ˚ C, attachment of the particles led to what appeared to be two fused vaterite spheres 
(Figure 5.3 (b)-(d) – see double arrow), whose surface textures were much rougher than their 
30 ˚C counterparts. However, here an interesting change in the assembly of the vaterite 
particles was observed, where an orientated attachment of particles began to form along the 
equatorial region (along the line which the two spheres had appeared to have fused (i.e. single 
arrow in Figure 3 (c)) of the bulk crystal. This orientated attachment of tangentially aligned 
particles around the equatorial region of the bulk sphere was more pronounced at 100 ˚C 
(Figure 5.3 (d) – see arrows). It was also interesting to note that both the different final bulk 
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vaterite crystal morphologies and the tangentially aligned particles around their equatorial 
regions were the same polymorph, irrespective of crystallisation temperature (as confirmed by 
PXRD in Figure 1 (a)), owing to the kinetic effects of PSSA.   
Figure 5.4 (a)-(c) is a magnification series of static TEM (Figure 5.4 (a)) and SEM (Figure 5.4 
(b-c)) micrographs showing the assemblies of aligned vaterite particles. Real-time observations 
of liquid-based crystal growth via particle attachment are rare, complex and limited to few in 
situ techniques such as transmission electron microscopy (TEM)[29], [30]. However, static 
high-resolution TEM or SEM micrographs showing assemblies of nanocrystals into a bulk 
crystals have been accepted as adequate evidence of self-assembly[22].  
 
Figure 5. 4. Magnification series of the self-assembly of vaterite nanocrystals showing: (a) 
The oriented attachment of nanocrystalline particles from a thin section at the edge a bulk 
sphere (TEM micrograph), (b) The directed self-assembly of hexagonal vaterite particles into 
a vaterite sphere (SEM micrograph), and (c) A vaterite sphere formed from self-assembled 
hexagonal vaterite particles (SEM micrograph). 
 
In this magnification series, the surface architecture of the bulk crystal formed by assembled 
hexagonal vaterite particles is shown in Figure 5.4 (b). The interplay between kinetics and 
thermodynamics (as a result of synergistic effects of PSSA and temperature) during assembly 
controlled the size of the hexagonal particle growth up to the thermodynamically  stable size 
in an attempt to increase the surface energy, while it minimised the bulk crystal free energy  at 
different stages of the particle attachment process[31]. All these factors directed the formation 
and assembly of vaterite particles, leading to systematic morphogenesis of vaterite bulk crystals 
which did not resemble the symmetry of the (hexagonal) vaterite unit cell (Figure 5.4 (c)). This 
observation has been accepted as evidence of self-assembly[21], [24], [32], [33]. 
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The effect of crystallisation temperature on the directed assembly of vaterite particles was 
investigated when the crystallisation time was increased to 6 hrs, and the resultant products 
were analysed as shown in Figure 5.5 (a)-(d). It has been reported that crystallisation time can 
influence the morphology and polymorphism of CaCO3[25]. The final bulk crystal morphology 
of the assembled vaterite crystals at 30 ˚C was found to be spherical and these had relatively 
smooth surfaces as at 3 hrs with solid cores– see arrows (Figure 5.5 (a)). To confirm this, 
representative self-assembled bulk vaterite crystals were cut in half using a focused-ion beam 
(FIB) (Figure 5.6).  
Despite the fact that the FIB had destroyed the cross-sectional topographical details, it could 
still be deduced from the broken bulk vaterite crystal (Figure 5.5 (a)) formed at 30 ˚C, that the 
crystal nucleation and growth by self-assembly had followed what appeared to be a radially 
aligned particle attachment pathway (i.e. from the centre of the sphere to the periphery of the 
bulk crystal), which had given rise to this solid core. It was interesting to note that, irrespective 
of the CPA pathway which lead to varying bulk crystal morphologies, only one polymorph had 
formed throughout i.e. pure vaterite (as was previously confirmed by PXRD earlier in the 
discussion).  
The bulk crystal morphologies of the products that had assembled at: 40 ˚C (Figure 5.5 (b)), 
75 ˚C (Figure 5.5 (c)) and 100 ˚C (Figure 5.5 (d)) were also examined at 6 hrs into the 
crystallisation process. It became apparent from the SEM micrographs that the crystallisation 
time had not substantially changed the assembly pathway towards the bulk crystal morphology 
at the different temperatures, when the products formed at 3 hrs (Figure 5.3 (a)-(d)) and 6 hrs 
(Figure 5.5 (a)-(d)) were compared with one another. However, it was noted that the 
tangentially aligned particles around the equatorial region of the bulk spheres at 75 ˚C and 6 
hrs (Figure 5.5 (c) – see arrows) were more pronounced than at 75 ˚C and 3 hrs (Figure 5.3 (c) 
– see arrow). 
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Figure 5. 5. SEM micrographs showing the effect of temperature on the morphology of the 
bulk self-assembled vaterite crystals precipitated at 6 hrs into the crystallisation process at:         
(a) 30 ˚C, (b) 40 ˚C, (c) 75 ˚C, (d) 100 ˚C. 
 
 
Figure 5. 6. SEM-FIB micrographs of the dissected solid core vaterite bulk crystals. (a) 90 ˚ 
incident angle, (b) 51 ˚ incident angle. 
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The change in the particle attachment pathway (from regular smooth spheres to spheres with 
tangentially aligned particles) with increase in crystallisation temperature during assembly 
resulted in the increase in surface roughness of the bulk spherical crystals observed in the SEM 
micrographs of the vaterite spheres crystallised at 75 and 100 ˚C at 6 hrs.   
The bulk self-assembled vaterite crystals that were formed at the various temperatures (30-     
100 ˚C) at fixed times (3-24 hrs) were then subjected to analysis by laser Raman spectroscopy. 
Literature has indicated that a typical laser Raman spectrum of a vaterite polymorph of calcium 
carbonate would consist of sharp, intense symmetrical carbonate stretching modes with split 
peaks at 1075 and 1090 cm-1, as well as broad lattice modes with split peaks found below 400 
cm-1[34]. Furthermore, it indicated that symmetrical stretching of the sulfonate groups (at 1120 
cm-1) and the aromatic groups (at 1600 cm-1) would also have been expected if PSSA had been 
used as a directing agent and had become occluded within the bulk vaterite crystals[35].  
All of these peaks were observed when the various bulk self-assembled vaterite crystals 
previously mentioned were analysed by laser Raman spectroscopy (Figure 5.7).  However, in 
these results it was noted that the relative intensities of the Raman peaks generally decreased 
with increased crystallisation temperature, as shown in Figure 5.7 (a)-(d). This was due to the 
fact that there was less scattering of the laser light on a smooth crystal surface crystallised at 
30 ˚C, and hence more laser light was collected by the detector as opposed to a much rougher 
crystal surface crystallised at higher temperatures (40, 75, and100 ˚C), which led to more 
scattering of the laser light and less collection of light by the detector, resulting in relatively 
lower intensities[36].  These laser Raman results were in good agreement with the SEM data 
on the effect of crystallisation temperature on the surface roughness of the bulk vaterite 
spherical crystals at different times (i.e. 3-24 hrs). 
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Figure 5. 7. Laser Raman spectra showing the pure vaterite polymorph and the effect of 
reaction temperature on the surface roughness of the vaterite spheres at different reaction 
times, i.e. at: (a) 3 hrs, (b) 6 hrs, (c) 12 hrs, and (d) 24 hrs. 
 
The bulk self-assembled vaterite crystals that were formed at the various temperatures (30-     
100 ˚C) at fixed times (3-24 hrs) were then subjected to thermogravimetric analysis in order to 
investigate their thermal stability. Here the presence of occluded PSSA within the bulk vaterite 
crystals was confirmed, in each case, by the decomposition of PSSA at 450 ˚C (as seen in 
Figure 5.8 (a)-(d))[25]. The presence of occluded organic molecules within bulk crystals 
formed by particle attachment has been accepted as evidence of self-assembly or the so-called 
crystallisation by particle attachment (CPA)[22]. 
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Figure 5. 8. The first derivatives of the TGA thermograms for the bulk self-assembled 
vaterite crystals formed at: (a) 3 hrs, (b) 6 hrs, (c) 12 hrs and (d) 24 hrs. 
 
Figure 5.8 (a)-(d) shows the first derivatives of the TGA thermograms of the bulk vaterite 
crystals at different crystallisation temperatures (30-100 ˚C) for the various crystallisation 
times (3, 6, 12, and 24 hrs), respectively. All of these thermograms exhibited a similar 
decomposition pattern i.e. the first decomposition peak at around 90-100 ˚C was attributed to 
the loss of adsorbed water, the second decomposition peak at around 450 ˚C was attributed to 
the loss of occluded PSSA (as previously mentioned)[25], and the last decomposition peak 
(between 700 ˚C and 800 ˚C) was attributed to the loss of carbon dioxide (CO2(g)) by the 
decomposition of calcium carbonate (CaCO3(s)) to give calcium oxide (CaO(s)). It was also 
observed that the increase in the amount of occluded PSSA (estimated by the visual observation 
of the 450 ˚C the peaks and quantified in Figure S.3, Appendix 1) within the bulk vaterite 
crystals resulted in the increase in the decomposition temperature of CaCO3(s) to give CO2(g) 
and CaO(s).  
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The effect of temperature dependency on the systematic morphogenesis of bulk vaterite 
crystals through different CPA pathways after 12 hrs of crystallisation is shown in Figure 5.9 
(a)-(d).  
 
Figure 5. 9. SEM micrographs showing the effect of temperature on the morphology of bulk 
self-assembled vaterite crystals precipitated 12 hrs into the crystallisation process at:           
(a) 30 ˚C, (b) 40 ˚C, (c) 75 ˚C and (d) 100 ˚C. 
 
Here, after 12 hrs into the crystallisation process, a trend consistent with the CPA pathway that 
was noted at lower times and for the various temperatures (30-100 ˚C), was also observed. 
Once again the morphological transformation into calcite (as would be expected in the absence 
of PSSA) was not observed.  
A visual inspection of the bulk self-assembled vaterite crystals formed at a lower crystallisation 
temperature (i.e. 30 ˚C) revealed that their surface topography was much smoother than the 
bulk crystals at higher crystallisation temperature (i.e. 40, and 75 ˚C). This was due to the fact 
that the preformed particles which underwent attachment were of different sizes, as shown by 
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the arrows in Figures 5.9 (a-c). This was due to the changes in surface energy at the different 
reaction temperatures during nucleation and proliferation of the vaterite polymorph in the 
presence of PSSA, which resulted in kinetic barriers and bias towards particular crystalline 
particle sizes which were more thermodynamically stable[31]. Hence higher temperatures 
resulted in bigger preformed particles which assembled in a thermodynamically stable 
morphology. 
 Further examination by SEM of the bulk self-assembled vaterite crystals revealed interesting 
features which provided some important insight into their crystal formation and proliferation 
under different temperatures. For instance, not only did it appear that bulk crystals were 
composed of two spheres which had fused and formed equatorially aligned crystals at higher 
reaction temperatures (i.e. 100 ˚C) as was previously observed, but from the limited presence 
of broken spheres, the cores of these appeared to be hollow as seen in Figure 5.9 (d) (see 
Appendix 1, Figure S.2). This observation suggested that the crystal formation and proliferation 
mechanism of dissolution-reprecipitation via the Ostwald-Lussac law of phases may have 
occurred, where it has been suggested that in the first instance amorphous calcium carbonate 
(ACC) would have nucleated, followed by its dissolution during the precipitation of vaterite 
around it, hence the hollow spherical morphology[16]. Indeed De Yoreo’s group, using in situ 
TEM, observed that in some cases internal dissolution of bulk self-assembled crystals had 
occurred, which had led to the formation of vaterite particles which had hollow cores[29].  
The effects of crystallisation temperature on the morphology of the bulk vaterite crystals after 
24 hrs of self-assembly are shown in Figure 5.10. As before a similar CPA trend was observed, 
however here the oriented attachment of particles on the equatorial region of the bulk vaterite 
spheres were observed at 40 ˚C, as opposed to at 75 ˚C for the 3, 6, and 12 hrs. This was 
attributed to the longer crystallisation time, which allowed the nucleation and attachment of 
particles on the equatorial region of the bulk crystal in order to assume a thermodynamically 
stable bulk crystal morphology and size. 
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Figure 5. 10. SEM micrographs showing the effect of temperature on the morphology of self-
assembled vaterite crystals precipitated after 24 hrs at: (a) 30 ˚C, (b) 40 ˚C, (c) 75 ˚C and          
(d) 100 ˚C. 
 
The width of the equatorially aligned crystals on the bulk crystal was observed to have 
increased with the increase in the reaction temperature (see double arrows in Figure 5.10 (c) 
and (d)). This was due to the interplay between the kinetics and energetics that were governed 
by: PSSA, crystallisation time, and crystallisation temperature. 
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5.4 Conclusions 
 
Various hierarchically structured morphologies of pure vaterite bulk crystals were successfully 
synthesized by PSSA-directed particle attachment through the influence of temperature. Here 
it was observed that varying the crystallisation/reaction temperature led to different CPA 
pathways, which in turn resulted in bulk crystal morphologies that varied. For instance, a 
crystallisation temperature of 30 ˚C gave relatively smooth bulk crystals which were spherical.  
At 40 ˚C it appeared that two bulk spherical crystals had fused and give rise to ellipsoidal-
shaped bulk crystals. On the other hand, at crystallisation temperatures of 75 and 100 ˚C, 
oriented attachment of particles around the equatorial region of the bulk spherical crystals were 
noted.  
Changes in the crystallisation temperature were found not to have changed the polymorphism 
of the precipitated CaCO3 due to the kinetic stabilisation effects of PSSA, as opposed to 
previous reports[27]. Similarly, crystallisation time predominantly did not affect the 
polymorphism of the precipitated CaCO3 and the CPA pathway at different temperatures. 
However, after 24 hrs of crystallisation the oriented attachment of equatorially aligned crystals 
were observed to form at a lower temperature (i.e. 40 ˚C) than previously observed (i.e. 75 ˚C) 
for lower crystallisation times. Significantly, at higher reaction temperatures (i.e. 75 and 100 
˚C) hollow bulk crystals were formed, while at lower temperatures solid core bulk vaterite 
crystals were formed.  
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Chapter 6: Morphogenesis of vaterite spheres: A novel 
“softer” colloidal template for the fabrication of hollow 
carbon spheres 
 
6.1 Introduction 
 
Hollow carbon spheres (HCS) ranging in size from nanometers[1] to micrometers[2] have 
received increasing interest over the past years due to their promising physico-chemical 
properties such as: low density, chemical inertness, high surface area, high electron density and 
surface permeability[3]. They have found a broad range of scientific applications, including: 
lithium ion batteries[4], Fischer-Tropsch synthesis[5], gas storage[6], and supercapacitors[7]. 
Functional HCS with superior properties have been synthesised through the use of pre-tailored 
templates[8]. The use of a pre-tailored template offers a high degree of control of the shape as 
well as structural dimensions, including the: pore volume, size, and carbon shell thickness[9], 
[10].  
Templated fabrication of HCS involves at least four aspects:  
1) The selection (and synthesis) of an appropriate template material, with a desired 
spherical shape and size that can withstand the conditions under which the synthesis 
will be carried out,  
2)  The development of appropriate techniques to reliably coat the template with carbon,  
3)  Where necessary, the establishment of a dependable procedure for the subsequent 
removal of the template to obtain HCS[8].  
Amongst the different classes of templates, silica colloidal particles have received immense 
attention in the fabrication of HCS[3]. These are synthesised by the Stöber method[11], where 
a tetraethyl orthosilicate is hydrolysed in an aqueous ethanol solution that is catalysed by an 
ammonia solution at room temperature[12].  Although the Stöber method has been successful 
in the synthesis of hollow carbon spheres, it employs harsh chemicals like hydrofluoric acid 
(HF) to dissolve away the silica template. Hence alternative, environmentally friendly, 
colloidal templates that can easily be removed are needed. 
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Calcium carbonate (CaCO3) is one of the most abundant biominerals on earth[13], which 
precipitates under basic conditions and dissolves under mildly acidic environments and meets 
the above-mentioned criteria to be used as an alternative template. Synthetically, CaCO3 can 
be shaped into a variety of morphologies using additives such as organic molecules or inorganic 
ions[14], [15]. In this chapter, poly (4-styrenesulfonic acid) was used as an organic additive in 
order to influence the morphology of the precipitated CaCO3. The CaCO3 products were then 
used in the fabrication of hollow carbon spheres by chemical vapour deposition, after removing 
the template with acetic acid.  
 
6.2 Experimental 
 
6.2.1 Materials 
All chemicals were of analytical grade. Calcium chloride, ammonium carbonate and poly (4-
styrenesulfonic acid) Mw ~75,000, 18 wt. % in H2O, were all purchased from Sigma-Aldrich. 
Sodium hydroxide pellets were purchased from Merck (Pty) Ltd South Africa. The ammonia 
solution of 25 wt. %, and the hydrochloric acid (HCl) of 32 wt. % were purchased from 
Associated Chemical Enterprises (Pty) Ltd. All chemicals were used without any further 
purification. Acetylene Technical (99.9%) and argon Baseline 5.0 (99.9%) gases used in the 
Chemical Vapour Deposition (CVD) were purchased from AFROX (African Oxygen) Ltd. 
 
6.2.2 Synthesis of calcium carbonate 
Crystallisation reactions were carried out in a 250 mL round bottom flask kept at 30 °C in an 
oil bath. In a typical reaction, 3% of an aqueous solution of poly (4-styrenesulfonic acid) was 
prepared with distilled water, and the pH of the resulting mixture was adjusted to pH 10 with 
an aqueous sodium hydroxide solution. To this mixture, 50 mL (i.e. 5 mmol) of a 0.100 M 
CaCl2 aqueous solution prepared with distilled water (adjusted to pH 9 using an aqueous NH3 
solution) was added drop-wise under gentle stirring at 30 °C. The reaction mixture was left to 
stir for an hour and then 50 mL of (i.e. 5 mmol) of a 0.100 M (NH4)2 CO3 aqueous solution 
prepared with distilled water was added drop-wise under gentle stirring. This reaction solution 
was maintained at 30 °C for 24 hours under gentle stirring. The precipitated products were 
centrifuged, washed with deionised water several times and then left to dry overnight at room 
temperature.  
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6.2.3 Synthesis of hollow carbon spheres 
The as-synthesised white-coloured CaCO3 spheres were then placed in a quartz boat which was 
inserted into a quartz reactor tube (ø = 20 mm, L = 1 m) (as shown in Chapter 3, Figure 3.1). 
The quartz tube with boat were then placed into a CVD furnace and the temperature was 
ramped to 600 °C at the rate of 10 °C/min with a constant flow of argon gas at a flow-rate of 
100 ml/min. When the temperature reached 600 °C, gaseous acetylene was introduced into the 
quartz reactor tube at a flow-rate of 100 ml/min and maintained under these conditions for 90 
min. The black-coloured products of this reaction were then retrieved from the quartz boat and 
then treated with an aqueous solution of pure acetic acid for 24 hrs.  
 
6.2.4 Characterisation  
The as-synthesised CaCO3 products, the CVD products, and those reacted with acetic acid were 
then characterised by PXRD, SEM, TEM, laser Raman spectroscopy, TGA, and BET as 
described in Section 3.4 of Chapter 3. 
 
6.3 Results and Discussion 
 
The white-coloured precipitated products were analysed by PXRD (Figure 6.1). The peaks in 
the PXRD pattern were indexed according to ICSD 015879 (major peaks are labelled in Figure 
6.1, all other peaks belong to the vaterite polymorph as compared to ICSD 015879)  and were 
found to be that of the pure vaterite polymorph of calcium carbonate, with no other impurities 
from side reactions[16]. This demonstrated that the synthesis technique was ideal for 
reproducibly synthesising a single polymorph of calcium carbonate, in which all the particles 
had the same crystal structure. 
The stabilisation of the metastable polymorph of calcium carbonate was achieved through the 
use of the PSSA during biomineralisation to influence the energy landscape[17]. This occurred 
through a surface interaction of the ionic motifs (–COO-) of the added PSSA and the growing 
kinks and edges of the crystals at different degrees of surface binding, this resulted in the 
increase in the surface energy of vaterite, meanwhile decreasing the bulk free energy of the 
bulk vaterite crystals, and hence increasing the stability of the vaterite polymorph[18]. 
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Figure 6. 1. A PXRD pattern of the white-coloured precipitate, which was found to be the 
vaterite polymorph of calcium carbonate. 
 
Further analyses were performed to confirm the identity of the white-coloured precipitated 
products. Figure 6.2 shows the laser Raman spectrum taken of these products confirming the 
presence of the vaterite polymorph of calcium carbonate. Here the broad doublet peak below 
400 cm-1 displayed lattice mode vibrations due to movement of the entire vaterite unit cell. The 
weak in-plane bending modes of vaterite were also observed at 740 and 750 cm-1, while the 
symmetrical carbonate stretching modes, which were the most intense peaks were observed at 
1075 and 1090 cm-1[19].  
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Figure 6. 2. A laser Raman spectrum of the white-coloured precipitate, which was found to be 
the vaterite polymorph of calcium carbonate. 
 
The presence of the symmetrical stretching of the sulfonate groups around 1130 cm-1, and the 
medium aromatic strecthing peak around 1600 cm-1 were as a result of PSSA which was  
occluded within the vaterite crystals[20]. The presence of an organic matrix occluded within 
inorganic crystals like these has been widely accepted as evidence of biomineralisation[21]. 
This therefore confirmed that the organic polymer (PSSA) had acted as a directing agent (via 
kinetic effects) during nucleation and crystal proliferation in this study.  
Having identified that the technique had reproducibly synthesised the vaterite polymorph of 
CaCO3, the morphology of these particles was then examined by SEM (Figure 6.3 (a)-(b)). 
Micrographs of these particles showed that the crystal growth of CaCO3 in the presence of 
PSSA had resulted in vaterite spheres with an average diameter of 4.2 µm (Figure 6.3 (c)).  
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Figure 6. 3. SEM micrographs of the precipitated CaCO3 spheres: (a)-(b) SEM magnification 
series showing the morphology of the spheres, (c) Particle size distribution of the CaCO3 
spheres. 
 
The surface topography of these spheres was found to be relatively smooth and uniform. An 
interesting thing to note in this study was that the morphology of the vaterite spheres did not 
resemble the hexagonal symmetry of the vaterite unit cell. This implied that crystal 
proliferation to the bulk spheres had occurred through PSSA-directed attachment of vaterite 
nanoparticles. Crystals which grow through this route often have bulk morphologies which do 
not resemble the symmetry of the unit cell[22]. This too has been widely accepted as evidence 
of crystal growth by partcle attachment (CPA), and not the classical ion-by-ion attachment 
crystal growth[23]. This was also supported by the evidence of the presence of occluded PSSA 
within the vaterite spheres, as  observed in the laser Raman spectrum (Figure 6.2). Hence the 
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SEM data revealed that PSSA-directed attachment of vaterite nanoparticles not only resulted 
in the synthesis of the vaterite polymorph of CaCO3,  but also (as in case of biomineralisation 
processes occurring in natural organisms such as the coccolith [24]), in the reproducible 
synthesis of a spherical morphology which was ideal for use as a template.  
However, a further hurdle to the use of these spherical calcium carbonate particles as templates 
existed: CaCO3(s) is known to undergo thermal decomposition to give CO2(g) and CaO(s) at 
temperatures between 750-800 °C[25], [26]. Thus if the calcium carbonate particles were to be 
used as a template under these conditions, this would result in a loss of almost half of the 
particle mass (i.e. 44 g/mol from the 100 g/mol) as gas. Now, the biggest question was: what 
would happen to the morphology and structural integrity of the CaCO3 template when subjected 
to high reaction temperature conditions during the CVD carbonisation process? To answer this 
the products were collected, after having subjected them to gaseous acetylene at temperatures 
ranging from 600-800 °C, and then analysed by SEM, in order to examine their surface 
topography as shown in Figure 6.4 (a)-(f). 
 
Figure 6. 4. SEM micrographs showing the effect of reaction temperature on the surface 
roughness of the spherical CaCO3 particles after being exposed to acetylene at: 600 °C (a) & 
(d), 700 °C (b) & (e), and 800 °C (c) & (f). Arrows show the rough topography on the 
spheres. 
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Here, larger sample sizes of CaCO3 spheres that were exposed to acetylene under reaction 
temperatures of: 600, 700, and 800 °C, were shown in Figure 6.4 (a) – (c) respectively. The 
surface topographies of the individual spheres at these temperatures (i.e. 600-800 °C) were also 
examined (Figure 6.4 (d) – (f)).  
In each case the individual spheres appeared to be coated with a product, as the once white-
coloured vaterite particles had turned black after exposure to acetylene. In order to establish 
the identity of the matetrial coating these particles, samples prepared at each temperature were 
then analysed by laser Raman spectroscopy (Figure 6.5).  
 
Figure 6. 5. Laser Raman spectra of spherical CaCO3 particles which had been exposed to 
acetylene at reaction temperatures of: (a) 600 °C, (b) 700 °C, and (c) 800 °C. 
 
Laser Raman spectra of the coated spherical CaCO3 particles revealed the presence of  G-peaks 
at 1580 cm-1 (due to the bond stretching of pairs of sp2 carbon atoms in both rings and chains), 
and the D-peaks at 1350 cm-1 (due to the breathing modes of sp2 carbon atoms in the rings)[27], 
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[28]. Thus the materials which had coated the spherical CaCO3 particles, turning them black, 
was carbonaceous.  
Returning to the SEM micrographs ((Figure 6.4 (d) – (f)), it was interesting to note that an 
examination of the topography of the carbon coated CaCO3 spheres revealed that their surface 
roughness increased with increased reaction temperature. This brings us back to the question 
raised earlier in the discussion about the effect of the thermal decomposition of CaCO3 at 
elevated temperatures. Here it was observed that the evolution of CO2(g) from CaCO3(s) during 
the reaction of acetylene on the surface of the CaCO3 spheres, appeared to have resulted in the 
formation of a carbon coating that was roughened by the presence “bubble-like” structures (see 
arrows on Figure 6.4). This surface roughness appeared to be exacerbated from 700 °C to 800 
°C, presumably because the partial pressure of CO2(g) or rather the rate of CO2(g) evolution 
increased with increased reaction temperature[29]–[32]. Significantly, while the topography of 
the carbon coated products had changed, the integrity of the spherical template appeared 
uncompromised with increased reaction temperature.  
In an attempt to further establish the nature of the carbon coating and whether the template 
could indeed be removed, samples of each reaction temperature were then exposed to acetic 
acid for 24 hrs. The resultant products of this process were then analysed by TEM, as displayed 
in Figures 6.6 (a)–(c) for reaction temperatures from 600-800 °C. 
 
Figure 6. 6. TEM micrographs of the carbon coated vaterite spheres which had been 
synthesised at: (a) 600 °C, (b) 700 °C, and (c) 800 °C, after exposure to acetic acid for 24 hrs. 
Arrows show the presence of residue inside the spheres. 
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Numerous observations were made based upon the TEM micrographs that were obtained. 
Firstly, it was observed that the spherical CaCO3 particles had indeed acted as templates. This 
was noted by the carbon spheres that had been formed upon the removal of the CaCO3. 
Secondly, it was shown that acetic acid was able to etch away the majority of the spherical 
CaCO3 template, leaving behind predominantly hollow carbon spheres (HCS) (see arrows in 
Figure 6.6 (a)–(c) where small portions of an unknown substance, assumed to be either CaO(s) 
or undecomposed CaCO3(s) which had not been etched away by the acid, were observed). 
Thirdly, the surface topography of these HCS appeared to precisely match that of the CaCO3 
template as the reaction temperature was increased. In the case of this last observation, as 
mentioned earlier in the discussion, these topographical differences were believed to have been 
induced by the evolution of CO2(g) from the CaCO3(s) template which decomposed during the 
nucleation and growth of the carbon shell around the template (see the magnified images in 
Figure 6.7).  
 
Figure 6. 7. Magnified TEM micrographs of the HCS synthesised at: (a) 600 °C, (b) 700 °C, 
and (c) 800 °C. 
 
Recently Coville et al. have demonstrated that when HCS with roughened surfaces were used 
as catalyst supports the catalytic activity was enhanced[5]. This suggests one possible future 
application for the HCS produced in this study.  
In order to understand the effects of the decomposition of CaCO3 on the nature of the carbon 
deposited thereon, further analysis of the laser Raman spectra that were obtained (as shown in 
Figure 6.5) was made. As discussed previously, the ratio of the D and G-peak intensities (i.e. 
ID/IG) has been widely used to evaluate the level of disorder or defects within the sp
2 carbon 
lattice or the carbon framework[27]. These defects have often been observed in carbon 
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materials formed under carbonisation conditions in CVD reactors, and these have typically 
been ascribed: (a) structural (sp2-like) defects, (b) topological (sp2-like) defects, (c) doping or 
functionalisation (sp2- and sp3-like) defects, and (d) vacancies/edge type defects (non-sp2-
like)[33]. A summary of the ID/IG ratio of the various HCS that were synthesised under different 
reaction temperatures is shown in Table 6.1.  
 
 
Table 6. 1. The ratio of the D and G peak intensities (ID/IG) of HCS which were synthesised 
under different reaction temperatures. 
HCSs sample ID/IG 
(a) 600 °C 0,84 
(b) 700 °C 0,71 
(c) 800 °C 0,86 
 
Typically the quantity of defects in carbon lattices decrease with an increase in the reaction 
temperature (i.e. the ID/IG ratio should be lowered at higher reaction  temperatures)[27], [28]. 
The ID/IG ratio of the HCS, as presented in Table 6.1, seemed to decrease from 0.84 at 600 °C 
to 0.71 at 700 °C, which was consistent with an anticipated decrease. However, thereafter an 
increase in the ID/IG ratio to 0.86 at 800 °C was observed. This suggested that the HCS 
synthesised at 800 °C had more defects in their carbon lattice that those at 700 °C or even 600 
°C. In order to provide a deeper insight into the reasons behind the increase in the ID/IG ratio at 
800 °C, the surface of a typical HCS formed at 800 °C was analysed by TEM at a higher 
magnification (Figure 6.8 (a)-(b)).   
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Figure 6. 8. TEM micrographs of HCSs synthesised at 800 °C. (a) Lower magnification 
displaying the larger portion of the HCS. (b) High magnification TEM micrograph of the 
surface of the same HCS synthesised at 800 °C. 
 
Here it was observed that not only did the carbon coating have a roughened surface (Figure 6.8 
(a)), but that upon closer inspection this consisted of various multiple-layered ‘bubble-like’ 
curvatures that were packed together to make up the shell of the HCS (Figure 6.8 (b)). Since 
the increase in the ID/IG ratio occurred at a temperature between 700-800 °C, which is the same 
temperature range where CaCO3(s) is known to undergo thermal decomposition [25], [26], it 
was assumed that the two phenomena were directly related to each other. Furthermore it is 
speculated that the evolution of CO2(g) from the CaCO3(s) template, during the nucleation and 
growth of the carbon on the surface of the template, caused these ‘bubble-like’ curvatures to 
be formed. Indeed, the introduction of these ‘bubble-like’ curvatures (also observed on the 
carbon coated vaterite spheres by SEM Figure 6.4(f)), would have brought about 
structural/topological defects in the carbon lattice (including the formation of five, seven or 
eight membered carbon rings[33]). This could easily have explained the increase in the ID/IG at 
800 °C. 
Previously an unknown material (suspected to be CaO or undecomposed CaCO3) was observed 
inside the HCS after the carbon coated template had been exposed to acetic acid for 24 hrs 
(shown by the arrows on Figure 6.6). In an attempt to establish the identity of the unknown 
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material as well as the efficacy of the template removal process by acetic acid, the HCSs were 
subjected to thermogravimetric analysis (TGA). The percentage weight loss of the HCS 
synthesised at various temperatures and then treated in acid for 24 hrs were compared relative 
to an uncoated sample of spherical vaterite particles, as a function of temperature (Figure 6.9).  
 
Figure 6. 9. TGA thermograms of the CaCO3 template, and the HCSs synthesised at reaction 
temperatures between 600 °C and 800 °C. 
 
The thermal decomposition of the CaCO3 template is represented by the black coloured 
thermogram in Figure 6.9. Here the template exhibited a loss of adsorbed water at around 100 
°C, followed by the decomposition of the PSSA polymer at around 480 °C[34]. Lastly the 
CaCO3 template showed a loss of CO2(g) to give a CaO(s) residue at a temperature between 
660 °C to 730 °C. The broad decomposition temperature range (i.e. about 70 °C) of CaCO3 
into CO2(g) and CaO(s) suggested that its purity was low[31].  
The thermograms of the HCS synthesised at 600 °C (red), 700 °C (blue), and 800 °C (green) 
gave similar decomposition temperatures (i.e. 560 °C) which were attributed to the oxidation 
of carbon from the HCS to give CO2(g) under TGA conditions. It was interesting to note that 
in each case no solid residue remained after the complete oxidation of the HCS. At least two 
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explanations can be put forward. Firstly, that the unknown material (indicated by the arrows in 
Figure 6.6) was neither CaO(s) nor undecomposed CaCO3, as either of these would have 
resulted in a solid residue that would have been observed in the thermogram. Rather, the data 
from the thermogram suggests that the unknown substance may have been combustible. For 
instance, it is possible that the carbon-rich poly (4-styrenesulfonic acid) (PSSA), which was 
occluded within the template (as confirmed by laser Raman spectroscopy – Figure 6.2), had 
been converted to a carbonaceous soot under the high reaction temperatures. This would 
explain the complete oxidation of the HCS with no residue under TGA conditions. A second 
possible explanation is that the residue was indeed CaO(s) or undecomposed CaCO3, but the 
quantity present was so small (as seen by the minute amounts in the HCS – Figure 6.6 (a)-(c)) 
that the weight of the residue was outside the detection limits of the TGA. However, in order 
to establish which of these explanations are true, further elemental/qualitative analysis (such 
as SEM-FIB with EDX of the core of the HCS) will be required. What is however obvious 
from these results is that the acetic acid was capable of removing the vast majority (>99%) of 
the template, indicating that the template etching process had been very effective. 
 
The uncoated CaCO3 template and the HCS synthesised at different reaction temperatures were 
then subjected to Brunauer, Emmett and Teller (BET) surface area (SA) and pore volume 
measurements. The data obtained are summarised in Table 6.2.   
 
Table 6. 2. BET surface area, pore volumes and average size (diameter) of the CaCO3 
template and the HCS synthesised at different reaction temperatures and etched with acetic 
acid for 24 hrs. 
HCSs sample BET SA (m2/g) Pore Volume 
(cm3/g) 
Average particle 
size (µm) 
(a) CaCO3 56 0.115 4.2 
(b) 600 °C 193 0.736 4.0 
(c) 700 °C 55 0.417 3.6 
(d) 800 °C 51 0.366 3.4 
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Based upon this data it was noticed that the HCS synthesised at 600 °C had the highest surface 
area of all the HCS that were synthesised and had a surface area approximately three and a half 
times that of the CaCO3 template. It is speculated that this may have been due to the fact that 
the CaCO3 hadn’t decomposed to CaO(s) at 600 °C, and hence could be easily etched out. 
Likewise, if the residue within the HCS was from PSSA which had been converted into carbon, 
there would have been less of it at this temperature and more of it at higher temperatures. This 
may have given rise to the reduction in the surface area at higher temperatures. It was also 
observed that the pore volume decreased with increased reaction temperature, and increased as 
with the surface area of the materials, which is quite a typical trend in carbon materials[2].  
There was an observed decrease in the average particle size of the HCS with an increase in 
CVD reaction temperature due to the thermal contraction of the template at higher 
temperatures. Although the surface areas of the HCS from CaCO3 as a template were lower as 
compared to other hollow carbon spheres that have been synthesised by other templating 
methods (for example Xia and Mokaya reported on the synthesis of HCS with a BET specific 
surface area of 1022 m2/g using silica microspheres as a template [2]), the concept of using 
CaCO3 as a template for carbon material synthesis was successfully proven and might open up 
a new avenue for synthesising novel shaped carbon materials.  
 
6.4 Conclusions 
 
In this chapter, it was shown that CaCO3 could be successfully shaped into spherical particles 
using PSSA. Despite the thermal decomposition of CaCO3(s) into CO2(g) and CaO(s)[31], the 
possibility to synthesise HCS using CaCO3 as a template under CVD conditions has been  
demonstrated for the first time. The evolution of CO2(g) from the template during CVD appears 
to have resulted in the formation of a rough surface topography on the carbon shells of these 
HCS. The surface roughness of these HCS increased with increased reaction temperature, 
which appeared to correlated to the increased rate of decomposition of CaCO3(s) at the higher 
temperatures[32]. The spherical structural integrity of the template was unaffected by the 
decomposition of the CaCO3 template and the evolution of CO2(g) during carbonisation, under 
all the reaction temperatures. The BET surface area of the HCS synthesised at 700 and 800 °C 
appear to have been negatively affected by the presence of an as-yet unidentified residue inside 
the HCS. Further elemental/qualitative analysis such as SEM-FIB with EDX of the core of the 
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HCS will be required to gain more insight into the nature of this, in order to improve the quality 
and hence surface areas of these HCS. 
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Chapter 7: General conclusions and recommendations 
 
7.1 Conclusions 
 
The main objectives of this research project were to:  
(1) Study the crystal growth of CaCO3 under different solvents and organic additives,  
(2) Manipulate the morphology and polymorphs of the precipitated CaCO3 to the desired 
morphology, and  
(3) Consequently select the desired morphology of the precipitated CaCO3 and use it as a 
template in the templated-synthesis of HCS by CVD, and lastly  
(4) Determine the conditions required to remove the template in order to obtain HCS with 
the dimensions of the template.  
After subjecting all the products to: SEM, PXRD, TEM, TGA, laser Raman spectroscopy. The 
following conclusions were drawn: 
SEM micrographs revealed hollow, porous spherical and ellipsoidal morphologies in the PCC 
crystals which had precipitated in the pure polar protic solvents. It was also noted that an 
increase in the molecular weight of the polar protic solvent (i.e. from methanol to 2-butanol) 
resulted in hierarchically structured “flower-like” products, that were believed to have formed 
from the fusion of the individual ellipsoids. From laser Raman spectra and PXRD patterns, it 
was concluded that all of these spheres were predominantly composed of the vaterite 
polymorph, irrespective of the type of polar protic solvent that was used. When mixtures of 
polar aprotic and polar protic solvents were used, these gave rise to a mixture of rhombohedral 
and spherically shaped crystals. The rhombohedral crystals of PCC were confirmed by laser 
Raman and PXRD to be composed of the calcite polymorph. It was concluded from quantitative 
PXRD data that an increase in the ratio of the polar protic solvent in the binary solvent mixture 
favoured the crystallisation of the vaterite polymorph, while an increase in the ratio of the polar 
aprotic solvent favoured the crystallisation of the calcite polymorph. It was further concluded 
from time-resolved ex situ PXRD and SEM measurements that the major phase transformation 
 114 
occurred within 3 hrs of mixing the precursor solutions. From this, it was concluded that a 
dissolution-reprecipitation mechanism had most likely taken place. 
The effect of poly (4-styrenesulfonic acid) (PSSA) as an additive in the crystallisation of 
CaCO3 at different temperatures (i.e. 30, 40, 75, and 100 °C) and different crystallisation times 
(3, 6, 12, and 24 hrs) was investigated. It was concluded from laser Raman spectra and PXRD 
diffractograms that at all crystallisation temperatures and times, pure vaterite was formed. 
Morphological examination of the bulk vaterite crystals by SEM revealed a spherical 
morphology which appeared to have formed via crystal tectonics (crystallisation by particle 
attachment (CPA)). Laser Raman spectra and TGA showed the presence of the occluded PSSA 
within the vaterite spheres – supporting evidence of CPA. However, it was observed that 
varying the crystallisation/reaction temperature led to different CPA pathways, which in turn 
resulted in bulk crystal morphologies that varied. For instance, a crystallisation temperature of 
30 ˚C gave relatively smooth bulk crystals which were spherical.  At 40 ˚C it appeared that two 
bulk spherical crystals had fused and gave rise to bulk ellipsoidal-shaped crystals. On the other 
hand, at crystallisation temperatures of 75 and 100 ˚C, oriented attachment of particles around 
the equatorial region of the bulk spherical crystals were noted. It was also observed from SEM 
that crystallisation time did not predominantly affect the polymorphism of the precipitated 
CaCO3 and the CPA pathway at different temperatures. However, after 24 hrs of crystallisation 
the oriented attachment of equatorially aligned crystals were observed to form at a lower 
temperature (i.e. 40 ˚C) than previously observed (i.e. 75 ˚C) for lower crystallisation times. 
From this observation it was concluded that longer reaction time (24 hrs) allows for the 
continued CPA into vaterite bulk crystals at a lower temperature (40 °C). Significantly, at 
higher reaction temperatures (i.e. 75 and 100 ˚C) hollow bulk crystals were formed, while at 
lower temperatures solid core bulk vaterite crystals were formed. It was then concluded that 
higher temperatures followed the dissolution-reprecipitation mechanism, which led to the 
dissolution of the cores of the vaterite bulk crystals. 
The vaterite spheres crystallised at 30 °C for 24 hrs were used as templates in an attempt to 
synthesise hollow carbon spheres (HCS) by chemical vapour deposition (CVD), using 
acetylene as a carbon source at 600, 700 and 800 °C for 90 mins. SEM revealed that the 
structural integrity of the CaCO3-templated carbon spheres remained intact after high reaction 
temperatures. However, an increase in the surface roughness of the coated CaCO3 templates 
was observed which increased with the increase in the reaction temperature. The template was 
then removed by exposure to acetic acid for 24 hrs. The products were confirmed by TEM to 
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be hollow, with an unidentified residue inside. However, no solid residue was observed on the 
TGA thermograms of the products, suggesting that the unidentified material in the products 
was combustible. Laser Raman spectra confirmed these products to be carbonaceous, by the 
presence of the D and G peaks and hence were concluded to be hollow carbon spheres. The 
ratio of the D and G peak intensities (ID/IG) was used to estimate the level of order/disorder in 
the HCS structure. ID/IG ratio decreased with increased reaction temperature (600 – 700 °C) 
from 0.84 to 0.71, but increased to 0.86 at 800 °C. This was the consequence of the CO2(g) 
coming out of the thermally decomposing template during CVD. The HCS synthesised at 600, 
700, and 800 °C gave specific BET surface areas of: 193, 55, and 51 m2/g, respectively. This 
was suggested to the effect of the carbonaceous residue materials within the HCS or the 
blockage of the HCS’ pores during the acid treatment.  
 
7.2 Recommendations 
 
Crystal growth of CaCO3 is a very complex process, however it is recommended that better 
additive-based crystallisation methods (which would be able to produce nano-sized CaCO3 
spheres) need to be investigated and employed in order to produce HCS with surface areas 
comparable to current templating methods. This includes looking into possible organic 
additives that would influence the morphology of the CaCO3 into hollow micro and nano-
structures. 
The BET surface areas of the HCS synthesised at 700 and 800 °C appeared to be compromised 
by the presence of solid residue material inside them. It is therefore recommended that 
elemental/qualitative analysis, such as FIB-SEM with EDX of the core of the HCS, be used to 
gain more insight into the nature of the residue observed inside the HCS, in order to improve 
their quality.  It is also recommended that better and efficient etching methods be investigated; 
perhaps different organic acids apart from acetic acid should be considered. Solvothermal 
carbonisation techniques of HCS may also be looked into, in order to compare these products 
with the CaCO3-templated HCS synthesised by CVD. Likewise, high pressure solvothermal 
syntheses of HCS could be undertaken, where a porogen (such as CTAB or Triton-X) could be 
used to improve the porosity of the resultant materials. 
CaCO3-templated synthesis of HCS is still in its infancy (this research is the first attempt), 
hence more studies need to be performed to gain greater insight into the processes occurring 
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during carbonisation and etching of the template. This will require efforts from both 
crystallographers and material scientists.  
APPENDIX 1 
 
 
Figure S. 1. TGA patterns showing the presence of the PSSA within the vaterite spheres by 
the decomposition peak around 450 ˚C at, (a) 3 hrs, (b) 6 hrs, (c) 12 hrs, (d) 24 hrs reaction 
times. 
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Figure S. 2. SEM micrographs showing the hollow nature of the bulk vaterite spheres 
crystallised at: (a) & (b) 75 °C, and (c) & (d) 100 °C. 
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Figure S. 3. The amount (wt. %) of the occluded PSSA at different reaction temperatures for 
different reaction times. 
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